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Abstract

Abstract

Large parts of the world rely on rainfed agriculture for their food security. In Africa, 90% of
the agricultural yields rely only on precipitation for irrigation purposes and approximately 80%
of the population’s livelihood is highly dependent on its food production. Parts of Ghana are
prone to droughts and flood events due to increasing variability of precipitation phenomena.
Crop growth is sensitive to the wet- and dry spell phenomena during the rainy season. To
support rural communities and small farmer in their efforts to adapt to climate change and
natural variability, it is crucial to have good predictions of rainfall and related dry/wet spell
indices.

This research constitutes an attempt to assess the dry spell patterns in the northern region of
Ghana, near Burkina Faso. We aim to develop a model which by exploiting satellite products
overcomes the poor temporal and spatial coverage of existing ground precipitation
measurements. For this purpose 14 meteorological stations featuring different temporal
coverage are used together with satellite-based precipitation products.

Conventional machine-learning and deep-learning algorithms were compared in an attempt to
establish a link between satellite products and field rainfall data for dry spell assessment. The
deep-learning architecture used should be able to efficiently manipulate spatial data. Hence,
Convolutional Neural Networks were used in order to detect spatial patterns in the satellite data.

Using these models we will attempt to exploit the long temporal coverage of the satellite
products in order to overcome the poor temporal and spatial coverage of existing ground
precipitation measurements. Doing that, our final objective is to enhance our knowledge about
the dry spell characteristics and, thus, provide more reliable climatic information to the farmers
in the area of Northern Ghana.
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Introduction

1. Introduction

1.1 Relevance of the study

Precipitation is a major component of agriculture. Large parts of the world rely on rainfed
agriculture for their food security. In particular, in Africa, 90% of the agricultural yields rely
only in precipitation for irrigation purposes (Fischer et al., 2013; Froidurot & Diedhiou, 2017)
and approximately 80% of the population’s livelihood is highly dependent on this food
production (Collier et al., 2008; Gyasi et al., 1997; J. Rockstrém, 2000). Taking into account
that the population of Africa is expected to double in 2050 (Population Reference Bureau, 2019)
together with the shift to more water resource-intensive diets in sub-Saharan Africa (Savenije,
2000; WWAP, 2000), pressure for more efficient water management increases. Apart from this,
additional pressure is forced to farmers in sub-Saharan Africa, as it is more likely that they are
going to be heavily impacted by climate change, enhancing the erratic patterns of rainfall in the
region (Sanoussi et al., 2015). In fact, during the last decades the frequency of false start of the
rainy seasons and the duration of dry spells during the rainy season in the region have increased
remarkably (Salack et al., 2016).

Crop growth is sensitive to the wet- and dry-spell phenomena during the rainy season. In Ghana
demands for operational predictions of rainfall and related indices are necessary to support rural
communities and especially smallholder farmers (Gbangou et al., 2019; Gbangou et al., 2020;
Sultan et al., 2020), as many of them are making efforts to adapt to the climatic variability. For
the agricultural productivity to be increased, extensive weather and climatic information related
to wet- and dry spell occurrence is needed for smallholder farmers in West Africa (Codjoe et
al., 2014; Yaro, 2013) and, in particular, in the coastal savannah of Ghana delta area (Gbangou
et al., 2019). Nevertheless, as Masinde et al. (2012) states, the provided services by the public
authorities have been of little use for smallholder farmers. Indeed, the drought assessment
should always make the stakeholder central and think about which indicator is useful for
him/her (Savenije, 1999).

Unfortunately, despite the efforts made to enhance smallholder agricultural production, the
agricultural productivity in the region is still low (Rockstrom et al., 2004), even though
approximately 65% of the Ghanaian population owning or working in farms (Deutsche
Gesellschatft fiir Internationale Zusammenarbeit (GIZ), 2019).

According to GIZ (2019), the increasing variability of precipitation phenomena leads to
approximately 15% of the Ghanaian land to be prone to droughts and floods. Recent studies
show a delay in the arrival of the wet season and a reduction in the total amount of rain
(Deutsche Gesellschaft fiir Internationale Zusammenarbeit (GIZ), 2019). An adaptive
technique used to protect against droughts is to plant crops far apart, in the expense of crop
productivity. Ellis (1998) mentions that other adaptive techniques used by Ghanaians include
planting different crop types (further expained in Asfaw et al., 2019), differently located farm
types, intercropping, animal husbandry, hunting and gathering, trade and migratory wage
labour.

[3]
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Given the lack of irrigation in the area, dry spells during the growing season can be crucial for
the production of agricultural yields. In addition to this, coarse time-scale indices like
cumulative rainfall can be deceptive, because they do not account for the temporal variation of
precipitation, giving the impression that there is no lack of green (or white-to-green) water
when it actually is (Savenije, 2000; Usman & Reason, 2004).Therefore, the need for efficient
predictions and efficient hydrological modelling arises. Until now assessing the risk of dry
spells in the region is limited by the forecast skill of either the global numerical weather
prediction models (Vogel et al., 2018) or by the low confidence CMIP5 rainfall projections
(Christensen et al., 2013), as these models fail to perform adequately in climate conditions
where the nature of precipitation is convective (Maranan et al., 2018). The spatial resolution
can greatly influence model outcomes and models using raster based precipitation data
outperform models that use precipitation derived from point measurements (Guo et al., 2004;
Smith et al., 2004). Hence, finer resolution precipitation data are crucial for improving our
understanding of basin-scale hydrology (Badas et al., 2006). Unfortunately, providing localized
precipitation data is restricted by the sparse distribution of rain gauges (Wilheit, 1986). The
problem arises not only because of the smaller number of in-situ measurements in the region,
but also because of reduced representativeness of data-scarce regions in the calibration process
of remote-sensing precipitation products.

1.2 Research questions

Overall, the trigger of this research is to provide efficient climatic information to the
smallholder farmers of Northern Ghana. Our approach is to use the longer temporal coverage
of the remote-sensing products in order to downscale the existing ground observations. The
term downscaling refers to a procedure which takes information known at large scales as input
to make predictions at higher resolutions. The major problem of ground-truthing is that the
satellite-based value is on average different from the point observation. Point precipitation
measurements are considered more reliable and representative of the scale of the plots of small-
holder farmers than the existing satellite data, as the reanalysis of the satellite products is global
leading to under-representation of gauge-scarce regions like West Africa (Beck et al., 2017).

Thus, for the main research question of the research we aim to reproduce the long and short dry
spell sequences seen by the rain gauges (point scale) in the region of Northern Ghana based on
satellite observations using different Machine Learning (ML) and Deep Learning (DL) tools.
In this application dry spell occurrence is defined as five consecutive days with precipitation
below 1mm/day. Several ML classification models are compared to different Artificial Neural
Network (ANN) models that reproduce dry spell sequences with conventional classification
algorithms. A classification model tries to draw some conclusion from the input values given
for training. It predicts the class labels for the new data.

The different networks are trained using satellite images with constant spatial extent as input
and a Rain/No Rain in daily time-scale as label. This model utilizes the satellite images with
temporal coverage longer than the gauge time-series in order to reproduce rainfall intermittency
time-series to the temporal extent of the satellite dataset. Moreover, in order to incorporate the
climatological information of the area, models featuring each stations latitude were also tested.
As a next step, the overall performance of the classification models is assessed, examining the
reasons of mismatch between the different data sources.

[4]
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Deep learning has started to take place in many hydrological applications, especially in studies
involving remote-sensing data. Leinonen et al. (2020) used Generative Adversarial Networks
to enhance the spatial resolution of remote-sensing precipitation data, managing decent results.
Yang et al. (2019) assessed the potential added value of Long Short-Term Memory (LSTM)
ANNSs (Hochreiter & Schmidhuber, 1997) to improve flood modeling. Kratzert et al. (2018)
proved that LSTM trained for rainfall-runoff modeling can outperform state-of-the-art process-
based hydrological models. Overall, an extensive review of deep learning applications in
hydrology can be found in (Sit et al., 2020).

Apart from the DL approaches, a Multi-linear Regression (MLR) model has already been tested
on the data, with the help of the scikit-learn machine learning library (Pedregosa, 2011) and the
Keras deep learning library (Chollet, 2015), using as input the 9-nearest-to-the-gauge pixels of
the satellite precipitation time series and the mean value of these pixels in the previous time-
step. The labels used were the ground observations. Unfortunately, extending the spatial and
temporal characteristics of the input data did not add any additional value in the regression
process. Hence, this MLR approach will not be elaborated any further in this report.

Having reproduced the dry spell sequences for a longer temporal extent, the second research
guestion of this thesis is to examine the possibility to apply the trained downscaling model over
a region wider than Northern Ghana beyond for locations at which we used rain gauge data to
train the classification model. Given the data availability in countries near North Ghana, it
becomes possible to test the model in certain locations in Benin, Burkina Faso and Niger and
even wider. By doing that, we are able to link the dry spell occurrence to latitude and compare
against the climatological information of other studies, as explained in Chapter 2.2.

All the data analysis was performed in Python programming language (Van Rossum, G. &
Drake, 2009) and visualized by Matplotlib (Hunter, 2007).

The manuscript is organized as follows. In Chapter 2 an overview of the region is presented:
political and financial conditions in the region, climatic conditions and precipitation generating
mechanisms and mapping of the aforementioned region. The available datasets, both remote-
sensing products and gauge measurements, of precipitation in the wider region (northern
Ghana, Burkina Faso, Benin, Niger and Mali) are considered in Chapter 3. A deeper analysis
of the properties of the existing datasets and an analysis of their consistency is conducted in
Chapter 4. In Chapter 5 both the ML and DL methodological approaches that are used for
downscaling of the existing datasets are presented. Also, in Chapter 5 the dry spell assessment
indices and their relevance to smallholder farmers in the region are examined. In Chapter 6 the
results of the classification models are presented and further interpreted. Moreover, some more
sophisticated models are introduced and examined as well. Chapter 7 presents the main
conclusions of the research and provides recommendations for further research. Chapter 8
contains the bibliography of the study.

[5]



Case study

2. Case study

2.1 Region of interest

The British colonial rule in Ghana ended in 1957 and the democratization of Ghana occurred
as part of the ‘third wave’ of democratization of African countries during the 90’s (Debrah,
2009). North Ghana has been over time the poorest part of the country, being less urbanized
than the southern one. As Laube et al. (2012) states: “the area suffers from difficult climatic
conditions, relatively high population density and patterns of underdevelopment, which are the
result of discriminatory colonial and post-colonial policies, while the population -consisting of
a number of relatively small ethnic groups-is largely dependent on agriculture. ”. Levels of
poverty have been increasing, despite poverty decreasing in the other regions of Ghana (Ghana
Statistical Service).

The regional area of Southwest Africa, which includes Ghana, contains a broad range of
ecosystems. An overview of the physical geography and the political boundaries of the region
of interest together with several important urban centers are depicted in Figure 1. The GIS layer
was preprocessed in the open-source QGIS software (QGIS, 2009) was acquired by (Tappan et
al., 2016).

Ghana’s sovereign financial sector is agriculture, being world's second largest cocoa producer.
Except from that, Ghana also produces beans, palm, pineapples, cotton, tomatoes, bananas,
coconuts and tobacco. It can be stated that the financial discrepancies between northern and
southern Ghana are a subject of the different ecological zones of the two regions. The northern
part of the country is dominated by the savannah agro-ecological zone while in the southern
part of the country land-use varies between the deciduous forest, evergreen and the coastal
savannah agro-ecological zone (Figure 2).

Mz, v or®
1-3"'0-'"" s
o sGury  kap
£ Burkina Faso
. ®Ouagadougou
Koudbugos

Buck  Gembe

Figure 1: Land cover and political boundaries in the Southwest Africa region. Major cities in the area
are depicted with red. World map provided for reference of Ghana by (mapsofworld.com, 2020).
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Figure 2: Agro-ecological zones of Ghana, source: (Harvest Choice, 2020).

Apart from northern Ghana, hydrometeorological data in the region are also available in
Burkina Faso (3 gauges), Benin (2 gauges), Mali (2 gauges) and Niger (1 gauge). An overview
of the available rainfall-measuring stations will be presented in Chapter 3.2.

2.2 Climatic conditions

Most of West Africa regions feature one wet season, usually between April and October, and
one dry six-month period where almost no precipitation is observed. The precipitation
mechanisms in the region are highly related with the occurrence of two types of air masses: one
hot and humid and the other cool and dry. This front moves north and south, following the
position of the sun, with a lag of 1 to 2 months (Physical Geography, 2020).

The dry season in the western African region lengthens and annual precipitation decreases at
higher latitudes. Southern West Africa is characterized by a wide range of rainfall types and is
mainly generated by the West African monsoon (WAM) system, which features an erratic
yearly pattern (Diatta & Fink, 2014). Mesoscale Convective Systems (MCSs), large-scale
horizontal convective formations, are the sovereign precipitation mechanism in West Africa.
However, studies argue that West Africa is characterized by less-organized precipitation
mechanisms with varying climatological characteristics (Fink et al., 2006). Nevertheless, not a
lot of research has been devoted into this direction.

Several studies have been conducted regarding the rainfall patterns of Southwest Africa. Out
of these, three main rainfall patterns emerge. Firstly, a precipitation mechanism dominating
Southwest Africa are local convective rainstorms, mostly characterized by erratic patterns. The
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coastal region of South West Africa is more prone to convective rainstorms, where convective
mechanisms generate up to 50% of total annual rainfall (Acheampong, 1982). On the contrary,
in the savannah region convective rainfall accounts for approximately 25% of total annual
rainfall (Omotosho, 1985). Secondly, monsoon rains dominate the region of Southwest Africa
mostly between April and October. Thirdly, squall-line MCSs generate more than 50% of the
rainfall in the savannah region (Omotosho, 1985).

A dry squall from east to west is the cause of most of the rainfall showers in the region (Maranan
et al., 2018). Dry squalls result to an extremely localized rainfall pattern: while a certain area
in Northern Ghana might experience extreme rainfall intensity, a neighbouring area might not
experience rainfall at all.

Overall, the erratic rainfall pattern of the region favors the occurrence of dry spells. The
climatology of the Southwest Africa region is summarized in Figure 3, in means of mean annual
rainfall and average of wet-season months:
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Figure 3: Mean annual rainfall 19812014, with number of months of 50 mm or more of rainfall. Map
by (Tappan et al., 2016)

The northern part of Ghana is more challenging for agricultural activities than the southern one,
as the relative humidity tends to decrease from southern to northern Ghana (Maranan et al.,
2018). The absence of the tsetse fly is favorable for drought-resistant crops.
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3. Data

3.1 Satellite products

There are six different precipitation satellite products available covering West Africa: CHIRPS,
CMORPH, IMERG, MSWEP, RFE and TAMSAT dataset.

The Climate Hazards Infra-Red Precipitation with Stations (CHIRPS) is a satellite product
based on climate model outputs, geostationary thermal infrared imagery and in situ
precipitation observations (Funk et al., 2014) . The dataset has 0.05° spatial resolution at daily
time scale and covers the period from 1981 onwards.

The Climate Prediction Center MORPHing (CMORPH) method dataset (Xie & Xiong, 2011)
provides daily rainfall at 0.25° spatial resolution and covers the period from 1998 to the near
present.

The Integrated Multi-satellite Retrievals (IMERG) for Global Precipitation Measurement
mission (GPM) (Tan & Huffman, 2019) dataset provides a new interesting version of the
Tropical Rainfall Measuring Mission (TRMM) Multi-Satellite Precipitation Analysis of the
GPM mission. The dataset which is a satellite retrieval product that combines multiple sources
of inputs and calibrated with gauge observations, contains daily and 0.1° spatial resolution
estimates. The dataset is available from 2000 to the near present.

The Multi-Source Weighted-Ensemble Precipitation (MSWEP) (Beck et al., 2017; Beck et al.,
2019) is a High spatial (0.1°) and temporal (3 hourly) resolution product that covers the period
from 1979 to the near present. MSWEP optimally merges a wide range of gauge, satellite, and
reanalysis data to provide reliable precipitation estimates over the entire globe. Thus, we should
probably expect that gauge-scarce regions like West Africa are probably under-represented in
this product.

The African Rainfall Estimation (RFE) (Herman et al., 1997) is a product from the NOAA
Climate Prediction Center mainly produced for Famine Early Warning Systems Network to
assist in disaster-monitoring activities over Africa. The product combines different satellite
products with rain gauges to estimate daily rainfall at 0.1° spatial resolution. The database is
available from 2001 to the near present.

The Tropical Applications of Meteorology Using Satellite Data (TAMSAT) and Ground-Based
Observations that merge MeteoSat IR data and gauge rainfall measurements (Maidment et al.,
2017). The database provides daily rainfall estimates at 0.0375° spatial resolution at daily time
scale and covers the period from 1983 to 2016.

An overview of the available satellite products is presented in Table 1:
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Table 1: Overview of the available satellite products together with their spatio-temporal coverage and
spatial and temporal scale.

SATELLITE SPATIAL TEMPORAL  SPATIAL FROM

PRODUCT RESOLUTION RESOLUTION COVERAGE

CHIRPS V2.0 0.05° Daily Africa 1981
(~5km)

CMORPH_BLDV1.0 | 0.25° Daily Global 1998
(~25km)

IMERG V6.0 0.1° Daily Global 2000
(~10km)

MSWEP V2.0 0.1° Daily Global 1979
(~10km)

RFE V2.0 0.1° Daily Africa 2001
(~10km)

TAMSAT V3.0 0.0375° Daily Africa 1983
(~4km)

PGF V3.0 0.25° Daily Global 1948
(~25km)

3.2 Point measurements

The ground measurement dataset available consists of 14 stations spread across Ghana
(northern part), Burkina Faso, Benin, Mali and Niger. The different datasets feature different
temporal coverage, but all of them in a daily scale.

In Figure 4 the locations together with the elevation of the 14 stations is depicted. The map was
generated in (GIS, 2009) using a Digital Elevation Map layer of Africa generated by (Verdin,
2017). From this map it can be derived that the elevation of all the precipitation measuring
stations is between 200 and 500 m. This is important because convective mechanisms are likely
to play a role in precipitation generation.

The discrepancies between the different stations’ time-series are explained by the fact that the
data originate from three different databases:

e The AMMA database which features 4 out of 14 stations (Tillaberi [Niger], Tobre
[Benin], Tara [Mali] and Agoufou [Mali]) and its data availability on average extends
from 2000 to 2017, with discrepancies in individual datasets.

e The MARLOES database, which is the oldest database available in the area with
measurements starting from 1940, overlapping even the early years of the remote
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sensing products. This database features six stations: Lawra, Navrongo, Ouahigouya,
Tamale, Wa and Zuarungu. All of them are located in northern Ghana, except
Ouahigouya which lies in Burkina Faso.

e The Wascal database with four stations (Aniabisi [Ghana], Poudri [Benin], Lare
[Burkina Faso] and Yabogane [Burkina Faso]) and extremely limited data availability,
due to short time-series.

0 1,000 km
I

Figure 4: Location and elevation of the 14 stations.

3.3 Satellite-to-ground data match

The first step needed towards assessing the match of the satellite products and the ground
observations is selecting the optimal satellite precipitation datasets for our research. The main
criteria for selecting the satellite products used in the study are: (a) adequate match of the
satellite data and the gauge measurements, usually assessed by the confusion matrix or the
performance of the classification model for each individual product; the correlation coefficient
of the point observations versus the nearest pixel value of the satellite precipitation product is
also presented but it is not the optimal metric for this application, and (b) adequate overlapping
time period between the point observations and the satellite data, ensuring enough data to train
the models introduced in Chapter 5.

At first, the quality of each satellite product was assessed by determining performance metrics
based on:

o the hits or True Positives (TPs), when both the satellite and the point measurement
report rainfall for a certain day;

o the false alarms or False Positives (FPs), when the “predicting” satellite product is
reporting a rainy day but no rainfall is actually measured on the ground station;

e the misses or False Negatives (FNs), when the “predicting” satellite product reports
no rainfall but the gauge does;

e and the True Negatives (TNs) when both sources report no rainfall.
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The arrays in which the performance metrics are computed have to be in a binary form.
Therefore, a yet crucial but subjective factor is determining the threshold of rainfall which
distinguishes wet and dry days. Several studies propose their own threshold values based on
each application (more on that on Chapter 5).

Based on the aforementioned elements, the four performance metrics that were used to assess
each product’s performance are: (a) the Probability Of Detection (POD) (of rainfall), a fraction
of hits over the sum of hits and misses, with zero being the worst-performing and one the
optimal value, (b) the Success Ratio (SR), a fraction of the sum of hits and misses over the hits
and false alarms, (c) the Threat Score (TS) as the ratio of hits over hits, misses and false alarms,
with zero being the worst-performing and one the best-performing value, and (d) the Frequency
Bias (FBias), a fraction of the sum of hits the false alarms over the sum of hits and misses, with
one being its optimal value.

The overall research of defining the best fitting satellite product for West Africa was conducted
by (Agoungbome, unpublished) and the reader can refer to this study for the integrated
reasoning assessing the satellite precipitation products. As (Agoungbome, unpublished)
suggests: “all the products perform poorly in detecting dry spells as the dry spell length
increases, however MSWEP, IMERG, RFE and CMORPH perform better than the others with
about 50% Success Ratio of dry spells detected”. Generally, it is expected that global satellite
products will under-perform in gauge-scarce regions like West Africa. Indicatively, in Figure
5 an overview of the performance of the satellite products for a dry spell length of 5-days is
depicted in the form of a Roebber performance diagram. A Roebber performance diagram
exploits the geometric relationship between four measures of dichotomous forecast
performance: probability of detection (POD), false alarm ratio or its opposite, the success ratio
(SR), bias and threat score.

selqd

@ Obs PGF @ CHIRPS @ TAMSAT @MSWEP @ RFE @IMERG @ CMORPH

Figure 5: Roebber performance diagram for a dry spell length of 5-days,
illustrating SR on the x-axis, POD on y-axis and FBias in dashed-line where
POD, SR, and TS measure ratio of accurate detection. The black dot represents
the performance of an “ideal” dataset. Source: (Agoungbome, unpublished)
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According to (Agoungbome, unpublished), when comparing extensively the MSWEP dataset
to the CMORPH dataset: “MSWEP shows a good (0.73) fit in the semi-arid zone in terms of
annual rainfall with 71 % of agreement” and “MSWEP shows a better fit in the semi-arid zone
(8°N to 12°N)”. Ultimately, it is derived from the study that the MSWEP dataset is the optimal
satellite product to use, not only because of its relatively good fitting-performance, but also
because of its high temporal coverage and spatial resolution. However, in Chapter 7 the
selection of the optimal satellite datasets to use is going to be made based on their classification
performance.

The next step is to compare the product in a day-to-day analysis with the gauge rainfall
measurements both in terms of absolute rainfall values and binary values. This was achieved
by matching each gauge the pixel of the satellite product containing it.

Supporting the climatological analysis made in Chapter 3.2, the boxplots of monthly
accumulated precipitation presented in Figure 6 and Figure 7 for an example station, do prove
the notion of a highly-separated wet and dry period in the region with July and August being
the most wet months during the rainy season. Besides, it can be noted that the point observations
present higher variance than the satellite observations.

The analysis on monthly precipitation values of both satellite and gauge data underlines the
discrepancies in terms of variance and absolute rainfall between the two data sources, but
comparing the dry spell statistics of both sources is more informative for our application.

When it comes to the dry spell statistics of the point measurements, latitude oriented
discrepancies can be distinguished in the dry spell properties of each station. Dry spell
occurrence is defined as five consecutive days or more with precipitation below 1 mm/day
(more on that at Chapter 5.1). The most northern station available, station Agoufou, reports an
average annual frequency of dry spells of between 15 and 16 in every wet season, while average
maximum annual dry spell length is 35.50 days. The lower-latitude station Tamale reports on
average less than 10 5-day dry spells per rainy season with a mean maximum dry spell length
of approximately 14 days. Mid-latitude station’s Ouahigouya dry spell characteristics are
balanced: 12 5-day dry spells on average per wet season and 32 days mean maximum annual
dry spell length. Overall, data availability for each station varies significantly from 2 years
(Aniabisi, Poudri, Lare and Yabogane) to 75 years (Lawra, Navrongo, Ouahigouya, Tamale,
Wa and Zuarungu).

The discrepancies between the satellite and gauge precipitation data in terms of dry spell
statistics do not have an absolute pattern and vary between stations, e.g. while for station
Agoufou the satellite data report an increased (relatively to the point measurement statistics)
average maximum annual dry spell length of 49.50 days, for station Tamale the average dry
spell per rainy season drops to 9 5-day dry spells and the mean maximum dry spell length to
8.50 days. The same holds for Ouahigouya station: dry spell occurrence drops to 10.50 5-day
dry spells on average per wet season and the mean maximum annual dry spell length drops to
28 days.
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Figure 6: Monthly accumulated precipitation boxplot for Ouahigouya station, ground observations.
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Figure 7: Monthly accumulated precipitation boxplot for Ouahigouya station, remote-sensing
observations.

As already explained in Chapter 1, the research interest focuses on reproducing the dry spell
sequences of only the rainy season, since this climatic information will boost the growing
season decision making of the smallholder farmers in the region. In addition, as observed in the
Figures above, the months of the dry season barely feature any rainy days. Thus, incorporating
these months into the input datasets would increase the class imbalance of the dataset severely,
degrading the wet day prediction ability of the classifier. Hence, the research uses only wet
season data, the temporal coverage of which varies for each of the stations.
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4. Exploratory Data Analysis

4.1 Gauge to remote-sensing precipitation values

assessment

Next, the precipitation values of the satellite products were compared to the ones of the gauge
measurements. The comparison was conducted in the overlapping years of the two time-series.
Hence, for the AMMA gauges this is done on the years from 2000 until 2016 (the year 2017
which is features in the AMMA database is not included in the MSWEP data), for the
MARLOES stations the overlapping starts at the first year of available remote-sensing data
(1980) and goes until approximately the first years of 2000. Finally, the WASCAL database is
completely overlapped by the remote-sensing data.

The point-to-pixel comparison is primarily assessed through Pearson’s product moment
correlation coefficient (r). The assessment process reveals that the satellite products perform
adequately over some stations (correlation > 0.6), but several stations, in particular 5 out 6
stations from the MARLOES database, perform rather poorly (correlation between 0.3 and 0.4).
In Figure 8, the daily values match of the 1-pixel remote-sensing data and the gauge
observations for the poor-performing Tillaberi station and the same results are for the overall
best-performing station, the Tara station, are depicted.

Overall, the miss-match between the satellite-products and the ground observations is partly
dependent on different time-shifts of the data. In particular, we found several cases in which
one of the source reports heavy rain over the study area on day x while the second did not report
any rain at all (further analysis in Chapter 6.6). However, upon closer inspection, we could see
that in the second source, the rain was attributed to day x-1 or x+1. This time-shift leads to time
steps with completely miss-matching rainfall values (zero value versus heavy rainfall value),
resulting to double penalties: wrong timing leading to two errors, one for each of the time steps.

Taking into account the fact that the satellite data captures the rainfall showers even with a
timing discrepancy, a data analysis in coarser time scales could probably provide further
insights. It is expected that coarser time scales provide a better match between the data sources,
while limiting the type of potential predictions about the dynamics. The aggregation time scale
plays a big role in influencing the overall agreement between data sources. For example, the
upper Figure 9 image shows that the correlation coefficient for Tillaberi increases from 0.42 to
0.72 when aggregating to 3 days periods, and for Tara, the correlation increases from 0.64 to
0.79 (lower Figure 9 image). The modeling results with coarser time-scale are presented in
Chapter 6. Nevertheless, given that the generated dry spell indices of interest have to be in high
temporal resolution in order to be relevant to the needs of the smallholder farmers, the modeling
process is conducted in the daily scale.

From the Figures below it can be stated that translating the raw data to coarser temporal
resolutions mostly enhances the data match in the low-performing stations. However, since the
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output of interest is to detect the presence of precipitation, discarding the days in which the two
sources mismatch in terms of rainfall detection does not add any value to the research.
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Figure 8: Satellite observation (MSWEP satellite precipitation product) VS ground observations for
the overlapping time-series of Tillaberi (upper) and Tara (lower) station. Pearson’s product moment
correlation included in the title.
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Satelite (1 pixel) VS Gauge measurements for TILLABERI station (r = 0.715) | 3-day resolution
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Satelite (1 pixel) VS Gauge measurements for TARA station (r = 0.786) | 3-day resolution
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Figure 9: Satellite observation (MSWEP satellite precipitation product) VS ground observations for
the overlapping time-series of Tillaberi (upper) and Tara (lower) station on 3-day temporal resolution
(raw data). Pearson’s product moment correlation included in the title.

Assessing the match between the satellite products and the point measurements using Pearson’s
correlation provides insights about the match of the raw precipitation values but might not be
the optimal way when dealing with a classification problem. Deriving the confusion matrices
using a Imm/day wet/dry day threshold and computing the accuracy and the f1-score is a more
informative way of quantifying data quality. Accuracy is computed as a ratio of the correct
classification over the total population, while the fl-score is a more sophisticated metric,
derived from precision and recall, with more value when facing classification problems where
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the wet/dry day classes are not equally represented in the data. Precision quantifies the number
of positive class predictions that actually belong to the positive class, while recall quantifies the
number of positive class predictions made out of all positive examples in the dataset. The f1-
score metric provides a single score that balances both the concerns of precision and recall in
one number.

In Figure 10 the confusion matrices of the aforementioned stations (Tillaberi and Tara) using
all six satellite-based datasets stacked up in one column as predictors, based on the overlapping
between each sensor and gauge data, are depicted. The accuracy for Tara station is 0.84 while
the one of Tillaberi station is 0.70. However, a direct comparison of the metrics for the two
stations would not be fair since the observations in Tara station are more imbalanced than for
Tillaberi station. The weighted f1-score for Tara is 0.86 (0.90 for dry days and 0.55 for wet
days) while for Tillaberi 0.73 (0.81 for dry days and 0.32 for wet days).

Point measurement VS 1-pixel satellite values Confusion matrix
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Figure 10: Tillaberi (upper) and Tara (lower) station confusion matrix (1-pixel and point
measurements).
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In order to investigate the consistency of the data, we computed the double-mass curves (Searcy
et al., 1960) between the 14 different gauge time-series and 6 different satellite-based datasets,
as shown below. This dataframe is generated by stacking one remote sensing product on top of
the other and duplicating days based on the overlap between the gauge and satellite data. Since
the graph plots approximately a straight line, the process is homogeneous (Figure 11).
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Figure 11: Double mass curve, gauge vs satellite datasets

The total number of days available in this dataframe is 287.333. Distinguishing the wet season
for each station is the next step. However, the wet season for each station varies with latitude,
as already explained in Figure 3. Approximately, we could define the rainy season from April
to September. Discarding all the data of the dry season, the final dataframe contains 145.230
days of 14 different stations matched with 6 different satellite products.

A preliminary analysis of this dataset can be done by transforming the point measurements and
1-pixel (the one containing the gauge) values to binary form by applying the 1 mm/day dry/wet
day threshold. The dataframe contains 70,50% dry days. The f1-score of the dry days is 0.74
and the one of the wet days 0.58. This performance should make us suspicious about the
mismatch between the satellite-based and gauge data.

4.2 Latitude-wise analysis

The climatological information known from previous studies in West Africa is verified: the
southern pixels present higher and more varying precipitation values. As shown in the table
below, the mean precipitation value of a typical southern pixel in the region is 5-10% higher of
the one of a typical northern pixel.

The distribution of satellite precipitation values and the point measurements are both highly
imbalanced. The general statistics of the point measurements of all stations and a typical
northern and a typical southern pixel are presented in Table 2. The average value of the point
measurements is drastically higher than the one of the pixels, even though the satellite data has
higher maxima.
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In Figure 12 the distributions of a high, mid and low-latitude pixel together with the point
measurement distribution are shown. The satellite precipitation values are more imbalanced
than the point observations. This characteristic can be attributed to the low Probability of
Detection (POD) of precipitation products in gauge-scarce regions, especially for shallow
precipitation events (Tan et al., 2016).

Table 2: Descriptive statistics of initial data expressed in mm.

Northern Southern

pixel pixel
mean 15.18 6.69 7.25
std 15.44 9.67 10.38
skewness  2.09 3.44 3.62
kurtosis 6.63 28.47 27.34
min 1.00 0.00 0.00
25% 4.00 0.00 0.00
50% 10.10 3.00 3.85
75% 21.00 10.30 10.70
max 148.20 216.10 194.80

Figure 12: Gauge and high, mid and low-latitude pixel values distributions expressed in mm.

4.3 Assessing satellite precipitation images

In the following, we investigate the spatial patterns of the gridded precipitations data and their
match with the point measurements by assessing typical examples of satellite images and
groundtruth values. This is important to understand which satellite images are expected to be
classified correctly in order to assess the quality of the input data.

Typical examples on the input images of the training data are shown. In the title of each figure
the “Label” represents the binary value of the groundtruth, 1 for rainy day and 0 for dry day,
and “Rainfall” reports the raw value of precipitation. A maximum value of 40 mm has been set
to the colorbar of the satellite images to facilitate the visual comparison of the images. In
IMERG and TAMSAT pixel values were aggregated so that the images match the spatial
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resolution and extent of the CMORPH images, which has a lower resolution. The images have
a spatial extent of approximately 800 km x 800 km around each gauge. These three satellite
products were selected for the assessment given the individual performance of the classification
models in Chapter 6.

Since our goal is to combine the information of multiple different satellite products, we will
start by assessing the similarity of the images of those products. The correlation analyses
already provided some initial insight into the data. But correlation coefficients are sensitive to
spatial mismatches and can not capture the similarity of two images in the presence of shifts or
other geometric transformations. Hence, more sophisticated metrics were introduced, like the
Co-occurrence matrix (coma) and the Perceptual hash.

The coma representation is calculated by moving through each cell, looking at its value, and
counting how many neighbors of each class our central cell has. To implement this in
continuous variables like rainfall amount, we first need to transform it to a categorical variable
by introducing precipitation classes (e.g. 50 classes from 0 to the maximum value recorded).
Then, the co-occurrence matrix will be a 50 by 50 matrix with each cell representing how many
times one class is neighbouring with another one.

The co-occurrence matrix representation is two-dimensional, with values of categories in row
and columns (Haralick, 1979). It can be converted into a one-dimensional representation called
a co-occurrence vector (cove). Using cove of the different images we can assess the similarity
of the three images in a certain day for a certain station in pairs of two. This is done by
calculating the Jenson-Shannon distance (Fuglede & Topsee, 2004) of the two normalized
vectors. The Jenson-Shannon distance is a value between 0 and 1, where 0 means that two
probability functions are identical, and 1 means that they have nothing in common.

The perceptual hash is calculated by averaging out the pixels to 8x8 pixel resolution. Then, the
hash of each image is calculated based on whether a pixel has higher or lower value than the
average value all 64 pixels. Then, the images are compared by calculating the Hamming
distance (Oxford Reference, 2017), with zero indicating identical images and one completely
different images. This means counting the number of different individual pixels.

Figure 13 is a typical example of a rainy day that should be classified correctly by the
classification model. All three images report heavy rainfall as well as the groundtruth. Through
visual inspection, it can be stated that the patterns observed in CMORPH and IMERG look
more similar than the one of TAMSAT. Indeed the similarity indices verify this notion:
CMORPH and TAMSAT have a Jensen-Shannon distance of 0.49, while CMORPH and
IMERG have a Jensen-Shannon distance of 0.29, and TAMSAT and IMERG one of 0.62.

Figure 14 underlines the importance of timing between the gauge and the satellite products.
Both CMORPH and IMERG report heavy precipitation around the gauge (they present similar
patterns in most of the days) and would probably classify the day as rainy. However, the
groundtruth does not report rainfall. CMORPH and TAMSAT have a Jensen-Shannon distance
of 0.41 and a Hamming distance of 0.42, CMORPH and IMERG 0.15 and 0.19, and TAMSAT
and IMERG 0.40 and 0.39, respectively.
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Station TAMALE on 2004-08-26: LABEL=1.0 | Rainfall 27.00mm/d.
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Figure 13: Typical example of rainy day that should be correctly classified by the classifier model

Station ANIABISI on 2015-09-03: LABEL=1.0 | Rainfall 16.20mm/d.
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Figure 14: Dry day reporting rainfall in 2 out of 3 satellite sources

Figure 15 is a typical example of a dry day that should be classified correctly. None of the
sources report precipitation. CMORPH and TAMSAT have a Jensen-Shannon distance of 0.00,
while CMORPH and IMERG have a Jensen-Shannon distance of 0.06, and TAMSAT and
IMERG one of 0.06. All three Hamming distances calculated are approximately 0.05.

Station TARA on 2005-05-19: LABEL=0.0 | Rainfall 0.00mm/d.
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Figure 15: Typical example of dry day that should be correctly classified by the classifier model

Figure 16 is a day that is really likely to be misclassified. The gauge reports no rainfall while
all three satellite sources report heavy precipitation close to the station. The Jensen-Shannon

distance between CMORPH and IMERG lies around 0.25.
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Station ZUARUNGU on 2001-08-09: LABEL=0.0 | Rainfall 0.00mm/d.
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Figure 16: Typical example of a day that will probably be misclassified. All the satellite precipitation
products report heavy rainfall whereas the groundtruth reports zero precipitation.
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B. Methodology

5.1 Methodological approach

The idea of the present study is to reproduce dry spell sequences by building a model that links
the satellite-data to the ground observations. This would be approximately 15 years for the
AMMA database stations, almost 20 years for the MARLOES database, most of them during
the earlier years that the satellite time-series, and 2-3 years on average for the WASCAL
database stations. By training this model, we describe a process in which the remote-sensing
data will be used as input, not as a sequence of data, and the process will aim at reproducing a
binary Rain/No Rain output. The underlying goal is that this model will gain the ability to detect
relevant spatial patterns in satellite data (i.e., features) and learn how to combine these features
together into a model for predicting rain-gauge time series in the same region. The data feature
a daily time-scale because this temporal scale is relevant to the needs of the smallholder farmers
in the region, but models were also tested in different temporal scales.

The aforementioned model can be efficiently represented by an Artificial Neural Network
(ANN) which will work as a “black box”. Several different ANN architectures are being tested,
such as Feed-Forward Neural Networks (FNN) and different Convolutional Neural Networks
(CNN).

However, other ML classification models will be used as benchmark models to test the ANN
performance to. These will include Logistic Regression, Random Forest, Gaussian Naive Bayes
and Support Vector Machine (SVM) and will be explained in detail in Chapter 5.3.

Utilizing the output of the aforementioned ANNS, the final objective is to translate the
reproduced dry spell sequences with high temporal extent to dry spell indices. Several drought
indices have been used by hydrologists. The selection of the optimal one is always application-
specific and stakeholder-centered (Savenije, 1999). In this case the metrics used to assess the
dry spell sequences will be the frequency of dry spell occurrence, the maximum dry spell during
the growing season and some cumulative rainfall information, as in (Gbangou et al., 2020).

Dry spell is a vague and broad term and should be explicitly defined for each case. In this
application, the length of consecutive days that define a dry spell are highly related to crop
growth and, thus, to crop types, the drought resistance of these crop types and the water-holding
capacity of the soil. All these factors define the critical dry spell, which Gbangou et al. (2020)
defines occurrence as five days without rainfall for our region of interest. Furthermore, dry days
have to be distinguished from wet days. Setting the threshold between the two is a highly
subjective task and usually is application-specific: Froidurot & Diedhiou (2017) sets a threshold
of 1 mm/day when analyzing the monsoon system of West Africa, Fischer et al. (2013) uses a
threshold value of 0.1 mm/day for the purpose of assessing dry spells in Tanzania, while Enfors
& Gordon (2007) set a threshold of 0.8 mm/day for their agricultural-related study. Overall,
setting a threshold value is quite subjective. However, most agricultural applications suggest a
threshold value of about 1 mm/day. Thus, this value is going to be used in our research.
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Overall, there are several factors that dictate the definition of dry spell, which is always
application-specific. In this application dry spell occurrence can be defined as five consecutive
days with precipitation below 1mm/day.

5.2 On the deep learning approach

Defining the optimal ANN architecture for each application depends on several factors. In our
case, we are looking for an ANN architecture that would actually use as input the satellite-based
images of precipitation at a fixed extent around any gauge (e.g. 32x32 pixels), while the labels
will be the ground observations, constituting a typical supervised-learning modeling case. This
process can be efficiently handled by a CNN.

A flow-chart of this process is depicted in Figure 17. The input satellite precipitation images
are passed through the feature extraction part and, then, the classifier of the CNN and the output
is mapped in [0, 1]. For a more detailed analysis of the technical characteristics of the proposed
CNN (convolutional layers, pooling layers, activation functions, padding etc.) the reader can
refer to Appendix 1.

Y
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: 1

Pooling
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Figure 17: Overview of the CNN modeling process. The input layer features three channels, one for
every image, with constant spatial extent. The features extraction section and the classifier section can
be clearly distinguished. The output layer features a sigmoid activation function.

The years where the satellite-based data and the point measurements overlap will be used to
train and test the model. The number of input nodes depends on the amount of spatial and
temporal information we choose to use. The output node will feature a cost function related to
the discrepancy between the modeled output of a sigmoid function and observed wet/dry day
label. Based on that, the Stochastic Gradient Descent (SGD) will optimize the values of all the
trainable parameters of the ANN.

The CNN architecture is chosen to perform this task because of its efficiency in dealing with
gridded data and detecting spatial patterns. There are many features that give an advantage to
CNNs when handling spatial data (e.g. in image multi-class classification tasks) compared to
conventional ANN architectures. One of them is parameter (or weight) sharing. Parameter
sharing introduces local connectivity in the convolutional layers of the feature extraction part
of the CNN, resulting to each neuron being connected only to a subset of the input image. Thus,
the total number of trainable parameters is drastically reduced, minimizing the computational
expense and the complexity of the network. Apart from this, with parameter sharing the
convolutional layer gains the ability to detect similar spatial patterns in different locations
within the input image.
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Another concept of CNN that makes it suitable for this particular problem is spatial inductive
bias. When referred to inductive bias of an ANN in computer vision, we refer to an ensemble
of assumptions that assist the model to generate unknown output. In the case of gridded data
handled by a CNN, spatial inductive bias assumes a certain spatial structure of the data.

Two similar but not identical concepts of CNNs are also relevant to our classification task:
transitional invariance and transitional equivariance. Translational invariance expresses the
ability of the CNN to generate robust output even when the initial input is translated.
Translational equivariance expresses the ability of a CNN to detect the location of the spatial
pattern of interest in the image without it being in a certain pre-known position.

Even though the aforementioned concepts give a clear advantage to CNNs when dealing with
spatial data, the potential of a conventional FNN is also being examined. The number and type
of hidden layers, as well as the overall architecture of the FNN, is defined after trial-and-error
processes and is a subject closely related to the spatiotemporal characteristics of the data used.
The exact architecture of the proposed FNN is also presented in Appendix |.

Testing different ANN architectures, modeling approaches and spatiotemporal information
combinations is featured in Chapter 6.

5.3 Benchmark models

In order to objectively compare the models performance simpler ML classification algorithms
are used as benchmarks: Logistic Regression, Random Forest, Gaussian Naive Bayes and
Support Vector Machine.

Logistic regression is a regression analysis with the dependent variable being binary and is used
to describe data and to explain the relationship between one dependent binary variable and one
or more nominal, ordinal or interval independent variables. Logistic regression is fast and easy
to apply but lacks the flexibility that other supervised classification methods provide. It cannot
capture complex relationships between variables and is expected to have lower, overall
accuracy (Hoffman, 2019).

As (Siddharth Misra, 2020) states, Random Forest classifier is an ensemble method that trains
several decision trees in parallel with bootstrapping followed by aggregation. Bootstrapping
indicates that several individual decision trees are trained in parallel on various subsets of the
training dataset using different subsets of available features. Random Forest is able to classify
large data with accuracy. It acts as a tree predictor where every tree depends on the random
vector values. The basic concept behind this is that a group of “weak learners” may come
together to build a “strong learner” (Paul & Bhatia, 2020).

Gaussian Naive Bayes is a classification technique where the calculation of the probabilities
for each hypothesis are simplified to make their calculation tractable. The values of each
attribute value are assumed to be conditionally independent given the target value. Even though
this assumption in many cases does not hold, Naive Bayes performs surprisingly on these data
too (Brownlee, 2016).

The tasks that Support Vector Machine (SVM) models complete are to find a separating line
(or hyperplane) between data of two classes and to learn the classification and regression rules
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of the input data. SVMs basically descend from the structural risk minimization principle and,
thus, confront overfitting (Vahid Mohammadi, 2019).

5.4 Modeling overview

Overall, the process scheme of all the modeling strategies used in this research are:

1.
2.

The main CNN classifier, discussed in further detail in Appendix I;

Four benchmark ML classifiers (Logistic Regression, Random Forest, Gaussian Naive
Bayes and Support Vector Machine) and one benchmark FNN;

An alternative of the CNN classifier which also incorporates the stations latitude as an
input variable, further discussed in Chapter 6.2;

Different modeling approaches attempting to confront class imbalance, presented in
Chapter 6.4;

Several “sophisticated” ensembles of models discussed in Chapter 6.5 built in an
attempt to combine the information of different satellite precipitation products,
featuring majority vote models, models that stack different satellite data in parallel
input channels and multi-resolution models.

Three state-of-art classifiers used for multi-class classification fine-tuned and tested
for this binary classification task, presented in Appendix Il.
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6. Results

The performances of the models introduced in Chapter 5 are tested and compared. Given the
results acquired, decisions are made on differentiating the modeling process in an attempt to
force better results.

6.1 Performance on total dataframe

The total dataframe is generated by stacking one remote sensing product on top of the other and
duplicating days based on the overlap between the gauge and satellite data for all the 14
different gauge data and 6 different satellite-based datasets available.

The performance of the ANNs introduced in Chapter 5.2 and the benchmark models of Chapter
5.3 were first tested on the total dataframe. Only the results for the input size of 32x32 pixels
are shown. Other inputs sizes of 64x64 pixels, 16x16 pixels and 8x8 pixels were also tested,
but did not alter drastically the explanatory power of the classification models.

The performance of the FNN was close to the performance of the benchmark models (accuracy
of 73,8%) and, thus, will also be considered a benchmark model.

The classifier CNN performed with accuracy of 76.60% in the same test dataset. The accuracy
metric using 16x16 pixels around each gauge was slightly reduced (accuracy 75,30%). The
precision, recall and f1-score are shown below.

The performance of the four benchmark models and the CNN classifier is presented in the
following table:

Table 3: Performance of benchmark models and CNN classifier on total dataframe, with 32x32 pixels
input and 1mm/d wet/dry day threshold.

Logistic Gaussian | Random | Support CNN
Regression | Naive Forrest | Vector Classifier
Bayes Classification
Accuracy: 0.72 0.71 0.75 0.72 0.77
f1-score: 0.42 0.50 0.54 0.41 0.54
Wet days
fl-score: 0.81 0.81 0.82 0.81 0.83
Dry days
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Below the confusion matrix of the classifier CNN:
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Figure 18: Classifier CNN confusion matrix on total dataframe.

Given that the classes are imbalanced, the same classifier CNN was tested for coarser time-
scales. Using as input data 3-day averages at a 32x32 pixels spatial extent the results are
improved. The classes are more balanced, the dry days cover 45,72% of the dataset. The overall
accuracy is 75%, while the precision, recall and f1-score are presented at the table below for a
test dataset of almost 4.500 3-day periods:

Table 4: Classifier CNN performance on 3-day averages of the total dataframe.

precision recall fl-score support
No Rain 0.81 0.61 0.69 2.070
Rain 0.72 0.87 0.79 2.387

The confusion matrix is depicted in Figure 19.

The higher class balance and the confrontation of the timing mismatch between the data two
sources (more on that in Chapter 6.6) leads to improved results for data of coarser temporal
resolution. However, since the dry spell of interest for the smallholder farmers is defined as a
5-day long period, the generated dry spell indices have to be in a temporal resolution higher
than 3 days. Hence, emphasis is put on reproducing the data in the daily scale.
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CNN confusion matrix
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Figure 19: Classifier CNN confusion matrix on 3-day averages of the total dataframe.

6.2 Incorporating latitude

The literature review of Chapter 3.2 and also in Table 2 clearly showed that there is a
climatological trend in precipitation in South Africa with latitude. Hence, an attempt was made
to incorporate latitude to the regressors of the classifier, so that the total input was 32x32
precipitation pixel-values plus the latitude. The latitude is incorporated as input variable as an
additional feature in the classifier part of the CNN. The initial input of the feature extraction
part of the CNN is the 32x32 pixels and then the latitude is added during the flattening at the
start of the classifier.

Overall, adding the latitude as “static” input did not gave any additional explanatory power to
the model. In particular, the overall accuracy stayed constant at 76%, while the dry day and wet
day fl-scores were 0.83 and 0.54, respectively, even though there is a “signal” about the
climatology in the initial data, as minutely explained in Chapter 4.2.

6.3 Testing individual datasets

The attempt to reproduce the dry spell sequences using all six of the satellite products available
did not feature high accuracy. Hence, all the products are going to be tested individually in an
attempt to distinguish the best-performing ones. Out of these, the three best performing
satellite-based products are used as part of a more complex model that will be introduced later
on.

The results of the individual assessment for each satellite product are presented in the following
table. From that, it can be distinguished that the three best performing datasets are CMORPH,
TAMSAT and IMERG. Except of these, MSWEP also performs adequately given that its
classes are relatively more balanced in comparison with other datasets.
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Table 5: Individual performance of satellite-based datasets using the CNN classifier.

Percentage Accuracy F1-score F1-score F1-score
wet days wet days weighted

dry days

30,47% 0.75 0.83 0.52 0.73
CMORPH 28,87% 0.77 0.84 0.54 0.75
CHIRPS 30,46% 0.73 0.82 0.46 0.71
TAMSAT 30,62% 0.77 0.84 0.62 0.77
IMERG 28,24% 0.77 0.85 0.56 0.76
RFE 27,89% 0.75 0.83 0.50 0.74

The next step is to distinguish the three best-performing satellite products and create a
dataframe based on the overlap between the gauge and all three satellite precipitation products.
Given the different temporal coverage of the point measurements and of all three datasets, the
dataset is shrinked to 16.026 days where the three satellite products and the gauge data overlap
across all 14 stations.

The idea is to use this new dataframe to test more complex models:

e amodel that has a (32, 32, 3) input with each input channel being a different satellite
product;

e majority vote models where one model is being ran for each satellite product and the
final prediction is made based on the level of agreement of the three individual
predictions;

e multi-resolution models where each channel has a different temporal resolution (e.g.
mean of 2 days, max of 3 days, etc.) of the initial data.

New runs were made to the models testing the new overlapping datasets of each satellite
products. The results are shown below, using binary crossentropy as loss function. The last
column named “Borderline misclassifications” contains additional info that can be used to
better understand the results: it gives the percentage of misclassified days for each dataset that
were close to the decision threshold, namely they were between 0.30 and 0.70 with the decision
threshold between dry and wet days being 0.50.
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Table 6: Individual performance of satellite-based datasets (for the overlapping days of the 3 datasets)
using the CNN classifier

Accuracy | Fl-score | Fl-score | Fl-score | Borderline
wet days | weighted | misclassification

CMORPH 0.76 0.84 0.54 0.75 64,36%
TAMSAT 0.76 0.84 0.58 0.76 65,95%

IMERG 0.78 0.85 0.57 0.77 62,61%

The fact that a high percentage of misclassified days were close to being correctly classified
leaves the door open for further investigation.

6.4 Dealing with class imbalance

One challenge that we have to face is that there is an imbalance between the number of dry
days (70%) and wet days (30%). The model that tested these datasets ran with binary
crossentropy as its loss function, the most common loss function for binary classification.
However, under class imbalance the model is seeing much more zeros than ones, as also shown
by the recall metrics. Hence, the model was trained to reproduce more dry than wet days
because the training loss can be minimized by doing so.

One solution to deal with this class imbalance is to modify the loss function. Loss functions of
weighted binary crossentropy and dynamical weighted binary crossentropy are going to be
tested in the individual datasets. The results are reported in Table 7 and Table 8. These two
functions modify the binary crossentropy function found in Keras by adding a weighting. This
weight is determined dynamically for every batch by identifying how many positive and
negative classes are present and modifying accordingly.

Overall, the weighted loss functions reproduce more rainy days but do now seem to improve
the model in terms of accuracy and fl-score. Except of these, the imbalanced classification
oriented loss function “focal loss” was also tested, but did not return improved results either.

Another way of addressing class imbalance is to change the dataset used by under- or over-
sampling elements in the training dataset. In cases where instances from the over-represented
class are being discarded, the technique is called under-sampling. A run was made for each
dataset where days of the over-represented dry day class were discarded from the training
dataset. The test dataset was kept with the initial data with ratios of approximately 70:30 dry to
wet days. Using under-sampling, the overall accuracy of the model decreased, even though it
managed to reproduce more wet days.
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Table 7: Individual performance of under-sampled overlapping satellite-based datasets (loss function:
binary_crossentropy)

Accuracy | Fl-score | Fl-score | Fl-score | Borderline
wet days | weighted | misclassification

CMORPH 0.72 0.77 0.62 0.72 57,02%
TAMSAT 0.72 0.77 0.64 0.73 56,62%
IMERG 0.74 0.81 0.61 0.75 58,34%

Table 8: Individual performance of overlapping satellite-based datasets (loss function:
dyn_weighted_bincrossentropy)

Accuracy | Fl-score | Fl-score | Fl-score | Borderline
wet days | weighted | misclassification

CMORPH 0.71 0.78 0.59 0.72 63,93%

TAMSAT 0.73 0.78 0.64 0.74 52,81%

IMERG 0.73 0.80 0.61 0.75 54,50%

In conclusion, none of the methods for dealing with class imbalances that we used in this thesis
were able to substantially improve the performance of the classifiers. Thus, the sophisticated
models tested featured the initial dataset without under-sampling and binary crossentropy as
loss function.

6.5 Trying out more sophisticated models

The dataframe was tested for: (a) a model that stacks-up the satellite products at three different
input channels, (b) two different majority vote models where the one will decide the predicted
binary output based on the binary outputs of the individual models (one for each satellite
product) and one that will decide based on the raw output value of the individual models, and
(c) amulti-resolution model where each channel has a different temporal resolution of the initial
dataset.
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Stacked-up model

This model stacks-up the satellite products and creates a (32, 32, 3) input. The overall accuracy
of the model is 0.77, while 60,15% of the misclassified days are between borderline
misclassifications.

Its results are presented below:

Table 9: Stacked-up model's performance in terms of precision, recall and f1-score.

precision recall fl-score support
No Rain 0.81 0.89 0.85 2.292
Rain 0.64 0.47 0.54 914
Weighted 0.76 0.77 0.76 3.206

CNN confusion matrix
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Figure 20: Stacked-up model's confusion matrix

Most of the misclassified days are wet days predicted as dry ones (modeled output below 0.50).
A typical example of misclassification is presented in Figure 21 (CMORPH-IMERG Jensen-
Shannon distance of 0.23 and Hamming distance of 0.28) where again CMORPH and IMERG
are really similar. In this example the mismatch between what the satellite sensors “see” (dry
day) and what the gauge reports (heavy precipitation) makes it highly unlikely for any classifier
to be correct here.
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Station TOBRE on 2012-08-04: LABEL=1.0 | Rainfall 36.61mm/d | modeled output=0.27.
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Figure 21: Stacked-up model's misclassified day No.1

Figure 22 presents a case where all three datasets report heavy rainfall and the groundtruth
none. Again, this is evidence that a decent amount of the misclassifications (more specific
information in Chapter 6.6) are due to the data mismatch and not the modeling approach.

Station TILLABERI on 2016-06-14: LABEL=0.0 | Rainfall 0.00mm/d | modeled output=0.67.

CMORPH TAMSAT i IMERG

Figure 22: Stacked-up model's misclassified day No.2
Majority vote model 1 — binary outputs

For this model the binary output of the three individual models were used to predict the outcome
of a single day. For example, if CMORPH and IMERG predict a wet day (raw out above 0.5
for both) and TAMSAT predicts a dry day (raw output below 0.5), then the day is classified as
wet. By examining the performances of the individual models, it can be seen that approximately
90% of the misclassified days are misclassified for all three individual models. Hence, we
expect these days to be misclassified by the majority vote models too.

In the following table and figure the performance and the confusion matrix (Figure 23) of this
majority vote model are shown. The accuracy is 0.77.

Next, some typical misclassified days are presented. The satellite images of CMORPH and
IMERG present on average high similarity, assessed by the similarity indices like the coma or
the perceptual hash. In Figure 24 IMERG is the only satellite product that approaches the
groundtruth. However, even individual classifier based on IMERG fails.
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Table 10: Majority vote model 1 performance in terms of precision, recall and f1-score.

precision recall fl-score  support
No Rain 0.80 0.91 0.85 3.461
Rain 0.63 0.40 0.49 1.347
Weighted 0.75 0.77 0.75 4.808

Majority vote Alternative No.1 confusion matrix
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Figure 23: Majority vote model (binary output alternative) confusion matrix

Station TILLABERI on 2010-09-14: LABEL=1.0 | Rainfall 26.85mm/d | output=0.00 out of 3.
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Figure 24: Majority vote model (binary output alternative) misclassification example No.1. The
individual outputs of each satellite product can be distinguished above each image.

In Figure 25 all the satellite products report heavy precipitation, with the groundtruth reporting
no rainfall at all. Again, one more example of misclassification that should be attributed to the
data mismatch and not the modeling approach.
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Station NAVRONGO on 2001-05-29: LABEL=0.0 | Rainfall 0.00mm/d | output=3.00 out of 3.
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Figure 25: Majority vote model (binary output alternative) misclassification example No.2. The
individual outputs of each satellite product can be distinguished above each image.

Majority vote model 2 — raw outputs

In this modeling attempt the raw sigmoid output of the three individual models was summed
and used to predict the outcome of a single day. For example, if CMORPH gives an output of
0.55, IMERG 0.33 and TAMSAT 0.67, then the sum is 1.55, above the decision threshold of
1.50 and, thus, the day is classified as wet. The accuracy of the overall model is 0.77. In the
table and figure below the performance and the confusion matrix of this majority vote model
are displayed.

Table 11: Majority vote model 2 performance in terms of precision, recall and f1-score.

precision recall fl-score support
No Rain 0.79 0.92 0.85 3.461
Rain 0.65 0.39 0.49 1.347
Weighted 0.76 0.77 0.75 4.808

As the fl-scores and the confusion matrix of Figure 26 suggest, the model has a higher
frequency in reproducing dry rather than wet days. In particular, more than 80% of the model
output are dry days, whereas they represent circa 70% of the dataset.

Figure 27 is an example of best practice of a majority vote model: majority vote cancels out the
misclassification of TAMSAT. Once again the similarity indices (coma and perceptual hash)
indicate suchlike patterns between CMORPH and IMERG, which strive the model to a correct
classification, despite the misclassification by the TAMSAT classifier.

Figure 28 presents a typical example of misclassification attributed to data mismatch.
Specifically, while the gauge report more than 6 mm of precipitation, all three of the satellite
products hardly observe any.
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Majority vote Alternative No.2 confusion matrix
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Figure 26: Majority vote model (raw output alternative) confusion matrix

Station TILLABERI on 2010-07-15: LABEL=0.0 | output=0.91 out of 3.
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Figure 27: Majority vote model (raw output alternative) correct classification example. The individual
outputs of each satellite product can be distinguished above each image.

Station TOBRE on 2001-08-19: LABEL=1.0 | Rainfall 6.50mm/d | output=0.81 out of 3.
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Figure 28: Majority vote model (raw output alternative) misclassification example. The individual
outputs of each satellite product can be distinguished above each image.

It is also interesting to examine how close the model comes to correctly classifying the
misclassified days. For that reason, the histogram of precipitation values of the wet days that
were classified as dry by the model is shown in Figure 29. As can be seen, most
misclassifications happened for days with low rainfall. Comparing the histogram of Figure 29
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with the histogram representing the entire test data (not presented), the probability of
misclassification is heavily weighted towards shallow precipitation events. This can be
explained by the fact that the satellite precipitation products are well known to have lower
Probability of Detection for low rainfall intensities compared to gauges, as shown by previous
studies (Bogerd et al., 2021; Tan et al., 2016). The same pattern can be also observed for the
misclassified days of the rest of the models. Overall, in many cases the satellite precipitation
products show deficiency in detecting shallow precipitation events, leading to mismatch
between the data sources. As (Berg et al., 2010) states he precipitation radar (TRMM) currently
providing direct observations of rainfall intensity over the African continent has a sensitivity
limited to circa 17 dBZ, leading to low POD of light rainfall events.

Histogram of precipitation values of misclassified wet days
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Figure 29: Histogram of precipitation values of misclassified wet days

Overall, setting a lower decision threshold classifies more days as rainy and results in slightly
higher performance. Nevertheless, no drastic change is made.

Multi-resolution model

This model takes a (32, 32, 3) input and each channel has a different temporal resolution of the
initial data. The data was tested for one channel of the initial data, one channel of 2-day averages
and one channel of 2-day maxima. The performance was not altered significantly: the accuracy
was 0.77 and the weighted f1-score 0.76. Precision, recall and f1-scores of the multi-resolution
model are shown in Table 12.

Except of this attempt, several combinations were tested between channels featuring the initial
data, n-day averages and n-day maxima, but the model’s performance was robust for all the
different combinations.
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Table 12: Multi-resolution model performance in terms of precision, recall and f1-score.

precision recall fl-score  support
No Rain 0.80 0.91 0.85 3.461
Rain 0.63 0.40 0.49 1.347
Weighted 0.75 0.77 0.75 4.808

6.6 Studying the properties of the misclassifications

Even in the best-performing model (e.g. Table 10 or Table 11) 23% of the satellite rainfall
images were misclassified. The main proven factors contributing to misclassification are timing
errors at the daily-scale, positional errors in the sub-daily scale. However, the low performance
of the satellite precipitation products over West Africa can also be attributed to satellite sensor
deficiencies, data sources mismatch, or random errors.

Moreover, it can be concluded that the spatial extent of the input images has little effect to the
performance of the model. Utilizing different spatial extents of the input satellite images,
varying from 64x64 pixels to 8x8 pixels around each gauge, the performance of the
classification algorithm in terms of accuracy and f1-score was robust.

Besides, the performance of the classification did not alter significantly for different CNN
architectures, hyperparameter tuning and model composition. In particular, altering the number
of convolutional blocks or layers or trying out different kernel sizes, filters, padding regime,
batch normalization, regularization techniques, pooling techniques, dropout layers, and
activation functions (tanh and ReL U) resulted in similar performances. Even more sophisticated
models featuring multi-resolution channels or majority voting between individual models were
overall robust.

During our attempts to reproduce the dry spell sequences as observed by the gauges, the
mismatch between the two data sources (point and satellite precipitation values) undermined
the performance of all the aforementioned classification models. To verify that the source of
error lies in the data itself, a run of the model with all the “faulty” days discarded was made.
Days defined as “faulty” are days in which the discrepancy between the precipitation values
reported by the gauge and its nearest satellite pixels is above 10 mm. In most of these cases one
of the sources does not detect rainfall at all. Running a model having discarded all the “faulty”
days (trying out different definitions of what constitutes a “faulty” day) the accuracy exceeds
90%. Given that, it is fair to assume that the source of error lies in the data and not the modeling
approach.

Since the data is the main reason of deterioration of the performance of the model, studying the
properties of the misclassified frames is an informative step forward.

When it comes to studying the sources of the misclassifications, the daily-scale timing errors
can be clearly distinguished in pairs of misclassified frames of the test dataset. In these cases
one data source reports (heavy) precipitation in one day while the other (almost) none, while in
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the following day the opposite happens. This type of misclassification accounts for
approximately 15% of the total misclassifications.

Certain examples are presented in the Figures below. In particular, Figure 30 presents two
consecutive days in Tillaberi station during the wettest month of the rainy season. During the
first day all the satellites report heavy precipitation which probably accounts for the 45 mm of
rainfall captured by the gauge during the second day. The opposite holds for Figure 31. During
the first day the satellite reports almost zero precipitation while the gauge reports circa 12 mm,
whereas during the second day the satellite products report heavy precipitation and the gauge
none.

The occurrence of daily-scale timing mismatch is highly correlated with latitude. Specifically,
in the cluster of northern gauges, namely Ouahigouya, Tara, Tillaberi and Agoufou, the daily-
scale timing errors make up only 0.50-1.00% of the test dataset of each station. This statistic
varies between 1.50% and 2.00% for mid-latitude gauges and can reach up to 6.20% for low-
latitude stations like Tobre. This characteristic is probably linked to the relatively higher class
imbalance of high-latitude stations compared to lower-latitude stations.

Station TILLABERI on 2011-08-15: Label=0 | Rainfall 0.00mm/d | Modeled output=1

CMORPH ' TAMSAT ' IMERG

_all -
T

= ml‘i
Station TILLABERI on 2011-08-16: Label=1 | Rainfall 45.33mm/d | Modeled output=0

CMORPH x TAMSAT x IMERG

Figure 30: Typical example of daily-scale timing error misclassification. During the first day of the
two, the modeled output reports a wet day when the gauge reports a dry day. The opposite happens
during the second day for rainfall of approximately 45 mm.
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Station TOBRE on 2016-09-11: Label=1 | Rainfall 11.90mm/d | Modeled output=0

CMORPH : TAMSAT " IMERG
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s
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' ‘ St.atnon TOBRE on 2016-09-12: Label;o | R‘alnfall 0.00mm/d | Modeled output=1 .
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Figure 31:Typical example of daily-scale timing error misclassification. During the first day 12 mm of
rainfall are observed by the gauge while the satellites barely report precipitation. The opposite holds
for the next day.

Except for the daily-scale timing errors there is also a timing mismatch observed in the sub-
daily scale. Since the timing shift between the different data sources is systematic, whether this
will result in daily-scale timing errors or will cause a mismatch in the sub-daily scale is
depended on the timing of each precipitation event. The latter errors are defined as positional
errors, because they present the same spatial pattern: while the groundtruth is reporting
precipitation, the pixels near the gauge report no rainfall and a small-scale precipitation window
lies in some distance, usually greater than 50 km, away from the gauge (Figure 32). Even though
it is fair to assume that positional errors constitute a repercussion of the timing shift of the two
sources, satellite deficiencies detecting the precipitation windows ineffectively are also likely
to play a role.

Station TOBRE on 2009-06-11: Label=1 | Rainfall 34.16mm/d | Modeled output=0

CMORPH ; TAMSAT IMERG

Figure 32: Typical example of positional errors leading to misclassification: the satellites are able to
capture the precipitation observed by the gauge, but the timing mismatch of the two sources results in
the precipitation windows lying in a distance greater than 100 km from the station.

Positional errors, i.e., when the rain cells are at the wrong location in the satellite products, are
significantly harder to assess than time-shift errors. The spatial pattern of the positional errors
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reflects the local and convective nature of precipitation in the region of Western Africa and can
be directly linked to the timing mismatch between the two data sources. Circa 20-22% of the
misclassifications of the test dataset present this pattern, depended on how the term
precipitation window is defined in each case. Besides, the satellite images of the positional
errors present on average high similarity (assessed by the co-occurrence matrix similarity
index) with frames of the same precipitation products from different samples. Overall, the
timing mismatch between the satellite images and the groundtruth is a systematic source of
error leading to misclassifications uncontestably attributed to it (daily-scale timing errors) or
misclassifications in which the timing error is likely to be the cause of failure (positional errors).
When it comes to the latter, there is high but not absolute confidence that these
misclassifications can be charged to timing mismatch since the initial data are in the daily-scale.

Studying the rest of the misclassifications, there is no uncontested information about the source
of misclassification since there is no specific pattern in the rest of the misclassified samples.
On the one hand, since we know that the timing mismatch between the data sources is
systematic, it is likely that it will affect the quality of the match between the groundtruth and
the satellite precipitation data. On the other hand, it is already known from previous studies that
the satellite products tend to underperform in gauge-scarce regions like Western Africa (Beck
et al., 2017; Le Coz & Van De Giesen, 2020). Hence, the reasons of misclassification of the
remaining frames are a combination between satellite product deficiencies, random errors and
timing errors, the individual contribution of which cannot be clearly determined.

A deeper understanding of the properties of the different satellite precipitation products can
explain the occurrence of misclassifications. In particular, e.g. IMERG and CMORPH present
a relatively low POD of the rainy pixels in many regions of the world, but tends to overestimate
rainfall values when rainfall is detected (Bogerd et al., 2021; Tan et al., 2016). In our case, the
model has far more wet days misclassified (as presented in the confusion matrices throughout
the report) because of the satellite products not detecting rainfall at all. On average 60-70%
higher precipitation values are reported in the correctly classified wet days. To be precise, our
results indicate that the satellite precipitation products face difficulties identifying shallow
precipitation events, as confirmed in previous studies (e.g. Tan et al., 2016).

The spatial rainfall intensity patterns observed in CMORPH and IMERG present high
similarity, as indicated by the similarity indices presented in Chapter 4.3 and tend to generate
similar outputs during the classification process of the ML and DL models. This is a
consequence of both products including passive microwave (PMW) sensors as a primary
component of rainfall intensity estimation. The satellite product TAMSAT using only infrared
measurements shows much lower similarity. In particular, IMERG unifies a 13-channel PMW
imager and displacement vectors derived from infrared (IR) measurements on geosynchronous
satellites to produce gridded estimates of rainfall at fine resolution quasi globally, while
CMORPH merges geostationary IR images and PMW data from low-orbiting satellites.

6.7 Random forest vs CNN classifier

Approximately 79.50% of the frames misclassified by the Random Forest model were also
misclassified by the CNN classifier. In this portion all the daily-scale timing errors and the vast
majority of the sub-daily timing errors were included. The frames in which the Random Forest
classifier underperformed relatively to the CNN model mostly featured wide spatial distribution
of relatively low precipitation values; wet days which were misclassified by the conventional
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ML algorithms (Figure 33). The fraction of wet pixels of the satellite images in which the CNN
performs better than the Random Forest classifier is on average 28% greater than the one of the
frames in which the Random Forest overperforms.

However, in approximately 8 out of 10 of these frames the sigmoid output of the CNN classifier
was close to the decision threshold (from 0.30 to 0.70), making them “borderline” correctly
classified frames. Given the intrinsic uncertainty attributed to the CNN output, either due to the
dropout layers of the model or the stochastic nature of the SGD, there is high chance that the
aforementioned frames could be misclassified also by the CNN classifier.

The samples in which the Random Forest algorithm outperforms the CNN model present on
average concentrated precipitation windows and minimum distribution of precipitation pixels,
as shown in Figure 34.

Station NAVRONGO on 2004-09-11: Label=1 | Rainfall 1.60mm/d | Modeled Random Forest output=0

10 a i
CMORPH TAMSAT IMERG
. 04 - 0-

il

Figure 33: Typical example of a frame in which CNN overperforms in comparison to the Random
Forest classifier. Its main characteristic is the wide spatial distribution of rainy pixels.

Station TILLABERI on 2015-07-30: Label=1 | Rainfall 13.99mm/d | Modeled CNN output=0

- 40 - 40 - 40
CMORPH TAMSAT IMERG
. 0- - 0-

Figure 34: Typical example of a frame in which CNN underperforms in comparison to the Random
Forest classifier. This sample features small-scale precipitation windows and narrow spatial
distribution of rainy pixels.

It can be assumed that the ability of the feature extraction part of the CNN model to identify
and manipulate the spatial properties of the input images is the main reason for the relatively
better performance of the CNN algorithm, compared to the conventional ML algorithms. The
CNN classifier was able to identify and utilize the spatial properties of precipitation to identify
the label of each day, whereas the ML algorithms weigh the contribution of each pixel value
individually.
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6.8 Global properties

The ability of the CNN classifier and the best-performing ML model (Random Forest) to
generalize in climatic conditions different than the ones it was trained on was tested in three

different ways:

1. The classifier was trained with the data of the 10 mid- and low-latitude stations, which
feature more wet days, and tested for the cluster of the 4 northern stations;

1. The classifier was trained with the data of the 8 mid- and high-latitude stations, which
feature more dry days, and tested for the cluster of the 6 southern stations;

2. The classifier was trained for all the available data of this study (14 stations) and tested
for 5 stations in neighbouring countries, such as Burkina Faso, Benin and Niger.

The performance of these alternatives in terms of accuracy are presented below:

Table 13: Testing the global properties of the CNN and the Random Forest classifiers using 3 different

alternatives.

Clustered Clustered
training/testing | training/testing

No.1 No.2

Testing on near
stations

Accuracy 77.10% 76.20%
CNN
classifier

Accuracy 74.20% 73.60%
Random
Forest
Trainin 10 mid and 8 mid and high-
) g low-latitude latitude stations
stations .
stations

4 high-latitude 6 low-latitude
stations stations

Testing
stations

76.80%

72.70%

14 stations in the
region of Northern
Ghana

5 stations in
neighbouring
countries

Overall, the performance of the CNN model is robust. However, for the global properties of the
classifier to be verified, data from regions with different climatic conditions should be tested.
The performance of the Random Forest classifier decreased drastically during the testing of the
third alternative. Hence, it is fair to assume that the Random Forest classifier features less

generalization ability than the CNN model.
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7. Conclusions and recommendations

The main objective of this study was to reproduce the dry spell sequences as seen by the rain
gauges in the region of Northern Ghana based on satellite precipitation products using ML and
DL algorithms. Using satellite precipitation images as input and binary wet/dry day labels
different classification models were trained and tested. The ability of ML and DL models to
reproduce dry spell sequences observed by ground sensors (rain gauges) using satellite data
was assessed in terms of accuracy and fl-score. Accuracy is computed as a ratio of the correct
classification over the total population, while the f1-score is a more sophisticated metric with
more value when facing classification problems where the classes (wet or dry day) are not
equally represented in the data (class imbalance). The best-case accuracy and f1-score achieved
were 77% for both. Station-wise, there is variance with several high latitude stations reporting
accuracy above 80%, mostly due to higher class imbalance (i.e., more dry days).

Overall, the performance of the different tested CNN classifiers attempting to reproduce the
dry spell sequences was robust with 77% of the days classified correctly. Testing different
model architectures and ensembles did not manage to improve the accuracy of the classification
model above that, clarifying the robustness of the DL classifier. In addition, the model
performance is not linked to the spatial extent of the input satellite images. Trying out different
spatial extents staring from 8x8 pixels around the station up to 64x64 pixels, the performance
of the CNN classifier in terms of accuracy and f1-score did not alter significantly.

The overall robustness of the different DL models and model ensembles underlines the notion
that it is probably the data mismatch the degrades the performance of the model(s). As often
stated in ML and DL applications: “Garbage in — Garbage out”.

An important conclusion derived from the research is that the timing mismatch between rain
gauge and satellite observations limits the performance of the proposed algorithm. It was shown
that approximately 15% of the misclassifications can be attributed to timing errors expressed at
the daily scale. These are highly linked to the latitude and, thus, the climatology of each gauge
with northern stations reporting only 0.50-1.00% timing errors in the test dataset while in the
southern gauges this percentage increases up to circa 6.00%. In addition to this, the timing
mismatch of the two data sources (satellite and gauge) is also expressed in the sub-daily-scale
through positional errors. Even though the satellite sensors are able to capture the precipitation
observed by the gauge during days featuring positional errors, ultimately, they are misclassified
because the precipitation windows are captured distant from the station, reflecting timing errors
in the sub-daily-scale or other satellite deficiencies. This type of error accounts for
approximately 20-22% of the misclassifications by the DL classifier. When it comes to the rest
of the misclassifications, there is no clear and uncontested pattern of failure. Knowing already
that the satellite precipitation products perform poorly in gauge-scarce regions, it can not be
absolutely defined whether the misclassifications should be attributed to conditions that the
satellite does not observe, timing errors, random errors, or a combination of these.

Furthermore, the classifier performance was remarkably stable (at approximately 76-77%)
trying out different model characteristics, including model architecture, composition or
hyperparameters. Differentiating the model composition from single CNN classifiers to more
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sophisticated ensembles such as majority vote models or multi-resolution input models resulted
in similar performance. In addition, adding more convolutional blocks or running the classifier
with different kernel sizes, filters, padding regime, pooling techniques, and activation functions
did not alter the overall performance.

Moreover, the CNN classification algorithm managed to score higher accuracy than other
conventional ML classification models. The ability of the feature extraction part of the CNN
model to efficiently handle spatial information through convolution and pooling leads to the
CNN model efficiently recognizing wet days with relatively low values and wide spatial
distribution of rainfall.

An additional objective of the research was to test assess global properties of the classifier. The
ability of the classification model to generalize in the wider region with similar climatological
conditions was tested in three different ways:

1. By splitting the available stations to a training mid- and low-latitude cluster of 10
stations and a testing high-latitude cluster of 4 stations, in which the presence of rainy
days is relatively lower;

2. By splitting the available stations to a training mid- and high-latitude cluster of 8
stations and a testing low-latitude cluster of 6 stations;

3. By training the classifier for the 14 available stations and testing its performance for
data in neighbouring gauges (Benin, Niger).

Overall, using all three methodologies the performance was robust and, thus, the CNN classifier
can efficiently generalize in the region of Western Africa, presenting a more efficient
generalization ability than the best-performing ML model (Random Forest).

Several benchmark ML models achieved accuracy close to the one of the best-performing CNN
classifiers. In particular, a Random Forest model performed the classification with circa 75%
accuracy. Nevertheless, there was a significant percentage of the test dataset (about 2%) that
was correctly classified by the CNN model but not the Random Forest one. The CNN classifier
and the Random Forest classifier perform well in different patterns of rainfall. The frames in
which the CNN classifier overcomes the Random Forest classifier featured wide spatial
distribution of relatively low precipitation values, while the samples in which the CNN
classifier underperforms relatively to the Random Forest model present on average
concentrated precipitation windows and minimum distribution of precipitation pixels. The
discrepancies of the spatial patterns are also reflected in the proportion of wet pixels of each
pattern: the CNN best-performing pattern features on average approximately 28% more wet
pixels than the one of Random Forest.

When it comes to further research recommendations the most informative step forward would
be getting more insight in the contributions of various sources (timing/satellite sensor
limitations or a combination of both) to the misclassifications. Working with data that break
down the contribution of each source (PMW or IR) to the final result can help define the
contribution of each type of sensor. Since existing studies suggest that PMW sensor identify
the presence of precipitation more accurately than IR sensors, linking the days with or without
PMW overpasses to the overall performance of the model could provide insights.

In addition to this, working with data of higher temporal resolution can expand the research
possibilities. Given the addressed timing mismatch between the data sources, aggregating the
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available half-hourly IMERG data to daily scale for different time shifts can determine the daily
resolution IMERG product that features the lowest timing discrepancies with the groundtruth.
Besides, in regions where point measurements of higher temporal resolution are available,
performing the classification with algorithms that feature the ability to account for the sequence
of data (ConvLSTM) can limit the timing mismatch and accurately reproduce the temporal
precipitation patterns. Nonetheless, working with ConvLSTM maodels in the daily resolution
would not bear results due to the convective and, thus, highly varying nature of rainfall in the
region of Northern Ghana.

In addition to better understanding the sources of misclassification, one could also work on
improving the usefulness of the downscaled data. One way to do this would be to provide users
with more information about the uncertainty affecting individual predictions. This can be
achieved either by bootstrapping the input data or by running a Monte Carlo simulation. In the
second case, the uncertainty of each output is directly linked to the stochastic nature of the
dropout layers and the backpropagation of the ANN. As a next step linking the width of the
prediction intervals of each satellite product to its properties could have interest in quantifying
the uncertainty of predictions for IR and PMW sensors. Besides, knowing the uncertainty
attributed to each frame can improve the overall performance by operating a meta-model which
decides in which frames will go forward utilizing the CNN classifier and in which frames the
CNN classifier is uncertain about the classification. In the latter case, other classification
algorithms can be used that perform better in the uncertain frames. For example, since the
Random Forest classifier performs better in frames featuring different characteristics, this
added explanatory power can be utilized by the meta-model. Nevertheless, more research has
to be put on clarifying the optimal alternative model(s) of the meta-model ensemble.
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In this  Appendix the technical input: | [(Nene, 32, 32, 3)]
Lo Input: InputLayer -
characteristics of the DL models are output | [(None, 32, 32, 3)]
presented.
A . A Convolutional_Al: Conv2D .anut:‘ (None, 32, 32, 3)
For the main CNN classifier architecture output: | (None, 32, 32, 8)
examined, the input images are first 3
manipulated by three convolutional blocks, Convolutional_A2: ConvaD |—oput | (one 32, 32,8)
output: | (None, 32, 32, 8)

consisting of two convolutional layers
featuring zero padding and one average

input: (None, 32, 32, 8)

pooling or max pooling layer each. This | M®Feel2D-A:MaxPooling2D 1= o 16, 16, 8)
constitutes the feature extraction part of the

CNN which derives spatial information Comvomicional BL. Comuap | 2PUE | (None, 16,16, 8)

from the image. In a next step, the output of output: | (Nene, 16, 16, 16)

the feature extraction part is flattened,
meaning that it is converted into a 1-D Convolutional B2: Conv2D
array, and the data is then processed by two
dense and two dropout layers. The output ) o [om 16.16.16)
layer features a sigmoid activation function | M=Feel2D-B: MaxPoeling2D = e 16)
mapping the output in [0, 1]. Using a

input: | (None, 16, 16, 16)
output: | (None, 16, 16, 16)

decision threshold this sigmoid output is , input | (None, 8, 8, 16)
) Convolutional_C1: Conv2D

then wused to perform the binary output: | (None, 8, 8, 32)
classification. !

Convolutional C2: Conv2D input (None, 8, 8, 32)

CNNs are most commonly used to analyze output: | (None, 8 8, 32)

visual imagery and image classification and

are the optimal choice for processing 2D- | MaxPool2D_C: MaxPooling2D |22
output: | (None, 4, 4, 32)

(None, 8, 8, 32)

images. The input to the CNNs features 32 l

pixels by 32 pixels images in three different P o T
channels (32, 32, 3). The CNN architecture Flaten: Flaen =0 ot | (Nene,512)
tested consists of three convolutional

blocks (2 convolutional layers and 1 max Dropout.L: Dropout ' input: | (None, 512)
pooling layer for each block) with zero- output: | (None, 512)
padding and ReLU as activation function \

with 'he normal' as kernel initializer Hidden: Dense |—opor | (None 512)

output: (None, 16)

(Kaiming et al., 2015). The fully-connected
layer flattens the output of the last max

pooling layer. Next, the classifier consists Dropout2: Dropout uug:t EEZ iﬁi
of two dropout layers, a dense layer with 16

neurons and a ‘tanh’ activation function and Outpat: Dense | 21| (Noze, 16)
an output dense layer with one neuron output: | (None, 1)

activated by a sigmoid function. As Fjgyre A1: Architecture of the proposed CNN classifier.
expected, the model features 26.409 The 3 convolutional blocks (2 convolutional layers and

trainable parameters, way less than the 1 max pooling layer each), the flattening layer and the
classifier part of the CNN can be distinguished.
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proposed FNN. An overview of the CNN architecture is depicted in Figure Al.

Other features were also be tested as part of the convolutional blocks, such as different kernel
sizes, number of filters, same or valid zero-padding, batch normalization and average pooling

instead of max pooling.

Also, a FNN is tested for the classification
task. The number and type of hidden
layers, as well as the overall architecture
of the FNN, is defined after trial-and-error
processes and is a subject closely related
to the spatiotemporal characteristics of the
data used. The potential of a Feed-Forward
Neural Network is being examined, which
consist of a 1024-node input layer (when
dealing with 32x32 pixels images), three
dense layers with 512, 128 and 16 nodes
each and with ReLU as activation function
and a one-node output layer with a
sigmoid activation function, bounding the
output between zero (dry day) and one
(wet day). The overall architecture of the
suggested FNN is presented in Figure A2.

Training this FNN will be
computationally-heavy since it features
592.545 trainable parameters. However, if
using multiple pixels around the gauge, it
is really likely that the ANN will feature
convolutional layers.

input: | [(None, 1024)]
Input: InputLayer
output | [(None, 1024)]
input: | (None, 1024)
Hiddenl: Dense
output: | (None, 512)
input: one, 512
Hidden2: Dense P & )
output: | (None, 128)
input: one, 128
Hidden3: Dense P ¢ )
output: | (None, 16)
input: one, 16
Output: Dense P al )
output: | (None, 1)

Figure A2: Architecture of the proposed classifier
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Apart from the classifier ANNSs built from scratch, several famous state-of-art classifiers are
going to be tested for this task. These models were trained to perform multi-class classification
(approximately 1.000 different classes) using the ImageNet dataset. ImageNet is a dataset of
over 15 million labeled high-resolution images belonging to roughly 22,000 categories. The
images were collected from the web and labeled by human labelers using Amazon’s
Mechanical Turk crowd-sourcing tool.

ImageNet consists of variable-resolution images. However, the input of the models is 224 by
224 pixels, using three channels (224, 224, 3). Hence, the satellite images are resized to target
height and width.

For each model, the already trained parameters of the feature extraction part were frozen.
Simultaneously, the classifier was discarded and a binary classifier was put in place. Then, the
model was trained for the satellite images, with only the trainable parameters of the new
classifier being updated.

The MobileNetV2 architecture is based on an inverted residual structure where the input and
output of the residual block are thin bottleneck layers opposite to traditional residual models
which use expanded representations in the input an MobileNetV2 uses lightweight depthwise
convolutions to filter features in the intermediate expansion layer. The whole network has
3.538.984 trainable parameters. The architecture of MobileNetV2 contains the initial fully
convolution layer with 32 filters, followed by 19 residual bottleneck layers.

Resnet50 features 23.587.712 trainable parameters. The network can take the input image
having input size of 224 x 224 x 3. ResNet50 architecture performs the convolution and max-
pooling using different kernel sizes in four different stages.

InceptionV3 features 21.802.784 trainable parameters and is made up of symmetric and
asymmetric building blocks, including convolutions, average pooling, max pooling, dropouts,
and fully connected layers. Batch-normalization is used extensively throughout the model and
applied to activation inputs, while loss is computed via the softmax function. This model also
incorporated the property of label smoothing, a type of regularizing component added to the
loss formula that prevents the network from becoming too confident about a class.

The performance of the three fine-tuned state-of-art classifiers on the total dataframe was
assessed. Overall, their performance was not exceptional. This can be due to the fact that they
were initially built to perform multiclass classification in RGB images and not binary
classification in satellite images. The best performing one was MobileNetV2 with performance
close to the CNN that we built from scratch. On the contrary, the ResNet50 model only
reproduced dry days. The performance of the three models can be seen analytically in the table
below:
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Table B1: Performance of state-of-art classifiers on the total dataframe

MobileNetV2 ResNet50 InceptionV3

Total 2,340,033 23,718,913 21,933,985
params:

Trainable 82,049 131,201 131,201
params:

Accuracy: 0.75 0.70 0.73
Fl1-score: 0.51 0.00 0.50
Wet days

F1-score: 0.82 0.85 0.80
Dry days
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