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Abstract: In the context of global warming and increasing scarcity of fresh water resources, it
becomes siginificant to evaluate the contribution and evolution of non-rainfall waters such as dew.
This study therefore evaluates the relative dew and rain contributions in three sites in south-western
of Madagascar (Ifaty, Toliara and Andremba), a semi-arid region which suffers of a strong water
deficit. The studied period is 1991 — 2023, with extrapolation to 2033. Dew is calculated from meteo
data using a well-established energy model. The extrapolation uses an artificial neural network
approach. While the yearly dew/rain ratio remains modest (3-4%) dew forms regularly (2-3 days in
average between events), in contrast to rain (10-15 days). The evolutions of dew and rain are similar,
with an increase from 1991 to 2000, a decrease up to 2018 and a further increase till 2033. These
oscillations follow the Indian Ocean dipole variations and should be influenced by the climate
change. Dew contribution to the water balance is important during the dry season (Apr.-Oct.), up
to 80%. Dew therefore appears to be a reliable and sustainable resource for plants, small animals
and population, especially during droughts.

Keywords: dew water; rain water; dew rain correlations; climate change; Madagascar

1. Introduction

Dew is a ubiquitous phenomenon in nature where it forms during calm and clear nights on
grass, crops, and the top of the canopy. Dew is the result of the dropwise condensation of the
atmosphere water vapor [1-4] when a surface exposed to the nocturnal sky cools enough to reach the
dew point temperature. Cooling is due to the negative balance between the radiation emitted by the
surface and radiation received by the atmosphere. The corresponding power, on the order of 50 — 100
W.m?, limits the dew yield to about 1 L.m=2.d"!. Practically, dew forms when the difference between
the dew point temperature and air temperature is less than a few degrees, corresponding to a relative
humidity higher than 70 — 80% [5]. The maximum measured dew yield is at the moment 0.8 L.m2.d"!
[6].

Dew contribution can be vital for some plants and animals, during drought episodes in humid
areas and in semiarid and arid regions [4,7-10]. Yearly dew can contribute within 9% -23% of rainfalls
in some arid areas [8,11]. In arid regions or during droughts dew is helpful for the survival of plants,
giving nightly moisture [12,13], which is absorbed by leaves through plant stomata or special physical
features as e.g., in aerial vegetation [2,14,15]. Dew could increase leave photosynthesis [16] and
improve the efficiency of water use by plants [2,17].

Dew participates in some atmospheric chemical processes, such as diurnal and nocturnal cycles
of nitrite oxides [4,18-21]. Small animals, such as insects [22,23] also rely on dew and non-rainfall
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water. The survival of horses in Namibia when abandoned after the First World War was rumored
to be due to them licking dew that had formed on the train tracks.

In the context of global warming and rarefaction of fresh water, dew can thus be considered as
a new source of water in those areas where fresh water, from rain or other sources, is lacking. Dew
water can be collected by population on special collecting devices of planar or hollow shapes [4].
Water can be used for agriculture or serve for human consumption once disinfected to ensure safe
drinking. The quality of dew water indeed quite generally meets the requirements of the World
Health Organization (see e.g., [4,18,24]).

It happens that the lack of water is particularly important in the south-western region of
Madagascar, whose main city is Toliara, capital of the region. This area is a semi-arid region, with a
rainy period lasting chiefly on only two months (January and February). This region is thus not
spared by water shortage since only 29% of the local population has access to drinking water [25,26].
Apart from its aridity, Toliara has the highest temperature in all of Madagascar [27]. However, the
air relative humidity is relatively important, twice as high as that recorded in Sahelian regions [28].
As a matter of fact, dew data obtained by [29] for 18 months (Apr. 2013-Sept. 2014) in the same coastal
south-western region of Madagascar (Efoetsy) corresponded to near 20% of the yearly rainfall. The
main conclusion shows that dewfall in this area can play a non-negligible role in the annual water
balance and provides a supplementary source of fresh water during the non-rainy season.

With the global climate change dew exhibits different evolution in different regions. For
instance, dew frequency decreased by 5.2 days per decade from 1961 to 2010 in China due to surface
warming and corresponding decrease in relative humidity (Dou et al., 2021). More important, the
decrease of dew frequency in arid regions of China (50%) is larger than found in the semi-humid and
humid regions (40% and 28%) [12]. The same trend is observed in west North Africa between 2005-
2020 and predicted for 2020-2100 by using the low and high emissions climatic models [30]. With the
global climate change, dew in different regions exhibits different tendencies, whose characteristics
are required to predict the future changes in dew evolution.

It is thus the object of this paper to precisely quantify the contribution of dew and rain to the
annual water balance in the semi-arid region of south-western Madagascar and evaluate its evolution
during the period 1991-2020, and later from 2021 to 2030 by extrapolating the data. The dew yield is
obtained from an energy balance model that uses only a few meteorological parameters [31]. In
addition, direct measurements by [29] give elements of comparison between the calculated and
measured data. Interpolation in 2021-2030 is obtained by using an artificial neural network and
verification was made by comparing the actual and projected data in the period 2021-2022.

The paper is organized as follows. After having described the methods concerning the
calculation of dew yields and the procedures of extrapolation of dew and rain data, one analyzes and
discuss the evolution of dew, rain and their relative frequency and contribution in the period 1991-
2020, with extrapolation to 2021-2030.

2. Materials and Methods

2.1. Studied sites

At the global level, Madagascar is ranked 14t on the lack of access to basic water [26]. Access to
drinking water is a major challenge. In 2022, only 54.4% of the Malagasy population had access to
water [32]. The main factor of this water deficiency is due to the climate change. Major drought events
are getting worse over time and the recharge of the aquifers is not covering the city’s water needs.

Toliara is located on the south-western coast of Madagascar (23° 23" 0” S; 43° 44’ 0.001” E, 9 m
asl), at the North of the Saint Augustin Bay (Figure 1). This city is the capital of the Atsimo Andrefana
region. The Képpen Geiger climate classification in this area is Bsh (midlatitude steppe and desert
climate). The urban area of Toliara is limited in the north by the river Fiherenana and the district of
Mitsinjo Betanimena, to the South by the fishermen'’s village Ankilibe, to the East by the district of
Betsinjaka and to the West by the Mozambique Channel. The Fiherenana River is the only water
resource that irrigates the plain located downstream from Miary. Toliara is part of the limestone
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domain of the southwest of Madagascar. The aspect of the soil is generally dominated by calcareous
and sandy soil [33].

Two other sites, with same climate, are considered. One is close to Toliara, such as the small
coastal city of Ifaty (43°6 East and 23° South, 80 m asl), 27 kilometers NNE from Toliara. Another is
further from Toliara, as Andremba (44°19 East, 23°29 South), more inland (60 km from the sea, 260 m
asl, 81 km SSE from Toliara). In addition, calculated dew data will be compared to some
measurements performed in the coastal village of Efoetsy (2 km from the sea, 10 m asl; 83 km S from
Toliara).
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Figure 1. Map of Madagascar with the different sites involved in this study (from [34]). Inset: Area
where dew measurements were calculated and/or collected. Details are highlighted in red boxes (from
[35]).

The population in the Toliara area uses different sources of water such as the Fiherenana River,
wells and public fountains. According to [25], 35.90% of the population in the city of Toliara is very
highly vulnerable to water insufficiency, 25.64% shows high vulnerability, 28.21% exhibits average
vulnerability and 10.25% weakly vulnerable.

The average annual temperature is 23.9°C. The warmest month is January with a mean
temperature of 27.8°C. The coolest month is July, with an average temperature of 20.6°C. The mean
annual amount of precipitation in Toliara is 342.9 mm. The month with the most precipitation is
January with 73.7 mm of precipitation in average. The month with the least precipitation is July with
an average of 5.1 mm [36]. One of the particularities of the southwestern region of Madagascar is the
abundance of humidity in the air. It has been proven that the value of relative air humidity RH in the
southwestern part of Madagascar is twice as high than those recorded in the Sahelian zone (mean
RH: 77%; min: 12%; max: 100% [37]). The air relative humidity varies from season to season; it is
maximum during the hot and humid months (Nov. — Mar., the rainy season) and minimal during the
cool and dry period (Apr. - Oct., the dry season).

The weather data used in this study comes from the ERA5-Land database, which is re-analyzed
atmospheric data produced by the ECMWEF’s Copernicus Climate Change Service. The spatial
coverage of these data is 9 km and is in reduced Gaussian grid. The data spans from January 1991 to
July 2023, with a one-hour time step. The following information is provided: relative air humidity,
air temperature, dew point temperature, cloud cover, and wind speed. As the Toliara’s pluviometer
is the only operational pluviometer in the southwestern part of Madagascar, all rain data are derived


https://doi.org/10.20944/preprints202401.0198.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 do0i:10.20944/preprints202401.0198.v1

from the ERA5-Land database [38]. In this database, when the site does not have direct observations,
as e.g. for Andremba, data are the result of extrapolations or interpolations in order to combine them
with models outputs. The data of rain used here are all daily-analyzed data. Note that the same rain
data are considered for the Ifaty and Toliara sites due to their close vicinity.

2.2. Dew evolution

2.2.1. Energy model

In order to compute the dewfall potential, an energy balance (or “physical”) model developed
by [31] is used. The model needs only a few classical meteorological data: T. (°C), RH (%) or dew
point temperature Ta (°C), cloud cover (N, oktas), wind speed at 10 m elevation (Vi9, m.s). Dew yields
hae (mm. At') are calculated on a time step At from the following formulation:

hae = () X (HL + RE) (1)

The numerical factor Af/12 =1/12 corresponds here to the data time step At = 1h. Events with hj,
>0 correspond to condensation and h,, <0 to evaporation. The latter are rejected. The quantity HL
represents the convective heat losses between air and condenser, with a cut-off for wind speed V> Vo
=4.4 m.s" where condensation vanishes. HL =0 if V> Vo. When V < Vi, HL is expressed as:

HL = 0.06(T, — T,) )

The quantity RE in Eq. 1 is the available cooling energy by radiative deficit. Depending on the
water content of air (measured by Tq, in °C), the site elevation H (in km) and the cloud cover N (in
oktas), RE is evaluated by the following expression:

RE = 0.37 x (1 + 0.204323H — 0.0238893H2 — (18.0132 — 1.04963H + 0.2189H2) x 10% X T,)((T, + 273.15)/285)* x (1 —
N/8) 3

Daily time series corresponding to h,, > 0 are built after removing all data where rain events

are present. The calculated cumulative yields can then be obtained on daily, monthly or yearly bases.

2.2.2. Perceptron analysis for extrapolation

Multi-Layer Perceptron Artificial Neural Networks (MLP-ANN) is a type of artificial neural
network inspired by the functioning of the human brain. They are currently used to predict
meteorological variables such as solar radiation prediction [39], rainfall / evapotranspiration [40], air
quality monitoring [41] or temperature [42]. The multi-layer perceptron is a set of interconnected
neurons [43-46]. Information flows from input to output without backtracking [47]. It is composed
of three distinct layers (Figure 2). The first layer or the input layer is formed by the input data: T (°C),
Ts (°C), RH (%), V (m.s') and N (oktas). These data are introduced in the MLP-ANN on a monthly
basis. The second layer is the hidden layer to prepare the data using linear activation functions in
their neuron to present it in the last layer, the output layer, which represents the dew yield h
(mm.mth?) output.

For the MLP-ANN network, a back-propagation algorithm is used. The back-propagation
algorithm consists in forward-flowing the input data until a network-calculated input is obtained,
and then comparing the calculated output to the known actual output. The weights are modified such
that at the next iteration the error made between the calculated output is minimized. Taking into
consideration the presence of the hidden layers, the error is back propagated backwards to the layer
input while changing the weights. The process is repeated on all the data until the output error can
be considered as negligible [47]. The multi-layer perceptron can give a projection from 2021 to 2030.
The corresponding approach is summarized in Figure 3.


https://doi.org/10.20944/preprints202401.0198.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 do0i:10.20944/preprints202401.0198.v1

Figure 2. MLP-ANN configurations for monthly dew yields prediction. When using a MLP-ANN, it
is customary to add a value “1” called ‘neuron bias’ to the input of a neuron. The bias is a kind of local
weight that is used in several activation functions [48].

Time series data
(Date,N,RH,V,Ta,

Td)
» Detection of
N dew fall
\ 4
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Figure 3. Algorithm for dew yields prediction.
3. Results

3.1. Comparison with direct measurements
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In order to determine the level of accuracy of the calculation of dew yields, the calculated data
are compared with the measurements of Hanisch et al. [29] in Figure 4. The measurements were
carried out between April 2013 and September 2014 at Efoetsy (2 km from the sea, 10 m asl; 83 km
south from Toliara) and between April 2013 and August 2013 at Andremba, more inland (60 km from
the sea, 260 m asl). In Figure 4 one sees that the few data of measured volumes in Andremba exhibit
a larger yield than the calculated values, on order 2.5 times. There are no meteo data available in
Efoetsy and the closer site is Toliara. The measured values in Efoetsy are about three times the
calculated values in Toliara. Such measured large yields in Andremba and Efoetsy can be understood
by the contribution of fog and mist that adds to dew. Such events were indeed observed when by
[49] when discussing the data. The relative humidity during the night is undeniably quite large in
Efoetsy and Andremba (RH = 100%), which favors the formation of radiative fog and the occurrence
of mist. As a matter of fact, the typical evolution of dew mass during the night as shown in Hanisch
et al. [29] exhibits an acceleration after midnight, which is the signature of fog and mist deposing on
the dew collector. This behavior is typical in coastal areas and was analyzed by [50]. Since the
calculation from meteo data ignores the fog and mist events that should occur, it gives less
condensation volume.

60 [T L
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— a0 [ ]
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Figure 4. Summed values of dew yield & (mm) between Apr. 2013 and Sept. 2014. Calculated values
(this work) are from meteo data in Ifaty (pink diamonds), Toliara (inverted green triangles) and
Amdremba (cyan triangles). Measurement data from [29] are in Efoetsy (black circles) and in
Amdremba (blue squares).

3.2. Dew evolution

3.2.1. Years 1991-2023

Figure 5 reports the dew yield evolution (in mm.yr?) for the three sites as calculated from the
model Eq. 1. On first sees that the overall evolutions are the same, presenting an increase of about
22% from 1991 to 2000, a decrease of near 35% from 2000 to 2018 and a subsequent increase from 2018
to 2023 of 20%. The mean dew rate during all the period gives for Ifaty a value of 1.68 mm.mth"! with
a standard deviation (SD) of 0.49 mm.mth, for Toliara the mean is 1.16 mm.mth-! with SD = 0.40
mm.mth! and for Andremba, the mean is 1.19 mm.mth-! with SD = 0.56 mm.mth-!. One will see in


https://doi.org/10.20944/preprints202401.0198.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 January 2024 do0i:10.20944/preprints202401.0198.v1

section 3.3.1 (Figure 9) that the rain behavior is similar. Since rain determines (with evaporation from
sea water) the level of RH in the air, it is thus natural that dew follows an evolution similar to rain.
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Figure 5. Evolution of the monthly dew yields & in mm.mth-! calculated in Ifaty. Grey lines: 01-1991-
07-2023 data; blue lines: 08-2022-07-2033 extrapolated data, see section 3.2.2; red dots: 08-2022-07-2023
validation period data. The bold blue curve is a smoothing of the data.

The dates of change of dew rate are corroborated in Figure 6 where are reported the dew yields
with respect to the year of calculation in ascending order, for the dry (Apr.-Oct.) and rainy seasons
(Nov.-March). For Ifaty the minimum rate is 5.8 mm.season (rainy season 2019) and the maximum
is 16 mm.season’! (dry season 1996). For Toliara the results are quite comparable, with a minimum
rate is 3.5 mm.season’ (rainy season 2019) and the maximum is 12 mm.season (dry season 1996).
Concerning Andremba, the results are also similar, with a minimum rate of 2.5 mm.season™ (rainy
season 2021) and a maximum of 12 mm.season™ (dry season 2011).

The number of days without dew events is an important parameter as many plants and small
animals suffer when no water is available during a long period. Histogram of the data for all the
period are reported in Figure 6 for both dry and rainy seasons.

According to Figure 6, dew forms regularly during all seasons, with a dew amplitude larger
during the dry seasons (Figure 6) for all sites. The ratio of dry/rainy dew amplitudes is about 1.5 in
Ifaty and Toliara and near 1.3 in Andremba.
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In this Eq. 4, f, is a typical number of events and N, is a typical number of consecutive days

without dew. For all sites, f is larger in the dry seasons (~ 600) than in the rainy season (~400). The
number N, keeps similar values for dry and rainy seasons, on the order of 2 days without dew
(minimum 1.84 days during the rainy season in Ifaty, maximum 2.76 days during the dry season in

Andremba).

The Figure 6 data can be fitted to an exponential decay (Eq. 4) where fis the frequency of events
f

Figure 6. Dew yield in the dry (Apr. - Oct.) and rainy (Nov. - Mar.) seasons between 1991 and 2023
showing the number N. of consecutive days without dew:

sorted with respect to years. (a) Ifaty, (b) Toliara and (c) Andremba.
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Figure 7. Frequency of events showing Nc consecutive days without dew in the dry (Apr. - Oct.) and
rainy (Nov. - Mar.) seasons for the whole period 1991-2023 (semi-log plot). Red circles and lines: dry
season; blue squares and lines: rainy season. (a) Ifaty, (b) Toliara and (c) Andrembea.

The evolution of consecutive days without dew events is reported in Figure 8 for the dry and
rainy seasons in Ifaty, Toliara and Andremba. The values and general tendencies are the same for all
sites. One observes that, as expected, the number of consecutive days without events is larger during
the dry when compared to the rainy season. The smaller number in the rainy season is due to the
larger humidity. The evolution between 1991 and 2009 of consecutive days without dew events is
similar in the dry and rainy season, showing, in spite of large yearly variations, an increase on the
order of 25% for all sites. The change of behavior is more pronounced after year 2000. The fact that
the mean number of days without dew are close together in the dry and rainy season confirms the

fact that dew forms regularly all over the year.
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Figure 8. Evolution of the typical number of consecutive days without dew, N, for the dry season

(Apr.-Oct., red circles) and the rainy season (Nov.-March, blues squares). The full and interrupted
curves are smoothening functions.

3.2.2. Extrapolation for years 2021-2030
a) Verification with 2022-2023 data

The data from 1991-2022 are extrapolated to the period 2022-2033 according to the procedure
using MLP-ANN as described in section 2.2.2. In order to assess the quality of the extrapolation, the
data calculated from the MLP-ANN network are compared to the actual data between Aug. 2022 and
Jul. 2023. The insets in Figure 5 compare the monthly dew yields from the extrapolation and the
calculations with the actual meteo data using Eq. 1. During these 12-months period, one observes that
the MLP extrapolation agrees quite well with the data of the physical model estimation.

b) Extrapolation 2021-2030

Extrapolated dew yields data are calculated on the 2022-2033 period on a monthly basis using
the algorithm described in section 2.2.2. The average yield as shown in Figure 5 shows, when
compared to the 1991-2022 period, either a constant increase (Toliara: +15%) and to a lesser extent,
Ifaty: +10%) or a stagnation (Andremba).

3.3. Rain evolution

3.3.1. Years 1991-2022

The evolution of rainfall in the period is shown in Figure 9 for Toliara and Ifaty (same data, see
section 2.1) and Andremba. Without surprises, the rain amplitude and rain evolution are similar in
all sites. One notes the differences in yearly dry and rainy seasons (analyzed below in Figure 10) and
large peaks related to cyclone events. The trends are the following. One observes between 1991 and
2000 an important rise from ~ 25 to ~ 60 mm.mth", then a long decrease until 2018-2020 with two
periods of relative rise around 2005 and 2015 to reach nearly the same value than in 1991 (25 mm.mth-
1). The period 2021-2023 and the extrapolation to 2033 corresponds to a rise, with about the same
mean value 60 mm.mth? as in 2000. As noted in section 3.2.1 (Figure 5), dew is seen to follow an
evolution similar to rain, the latter providing (with evaporation from sea water) a large fraction of
relative humidity needed to condense water vapor from the atmosphere [51].
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Figure 9. Evolution of the monthly rainfalls. Grey data are from meteo data (1991-2022) and blue data
are extrapolations from the MLP-ANN model (2023-2033) with overlap data (Aug. 2022-July 2023) in
red (see section 3.3.2 below).

Figure 10 presents the rainfall yields in the dry season (Apr.-Oct.) and rainy season (Nov.-Mar.).
There is obviously a large difference in precipitations.

The minimum rainfall is ~ 18 mm in 2021 (dry season) and the maximum is 850 mm in 1998
(Andremba) and 2022 (Ifaty-Toliara). The mean precipitation rate in the dry season is 61 mm.season
Tand it is 485 mm.season! for the rainy season.
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Figure 10. Analyses of rainfall for the 1991-2022 period. (a) During the dry season (Apr.-Oct.)
presented in ascending order. (b) Same, for the rainy season (Nov.-March). The anomalous large rate
corresponds to the Ernest cyclone on Jan. 22, 2005.

As for dew (see section 3.2.1), the frequency of consecutive rainy days without rain can be well
represented by an exponential (Eq. 4; Figure 11). For all sites, f; is much larger in the rainy seasons
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(~ 300-350) than in the dry season (~ 45-100). Unsurprisingly, the average number of days without

rain is also much greater in the dry season (6-10 days) than in the rainy seasons (~ 2.45 days).
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Figure 11. Frequency of events showing N. consecutive days without rain in the dry (Apr. - Oct.) and
rainy (Nov. -Mar.) seasons for the whole period 1991-2023 (semi-log plot). Red circles and lines: dry
season; blue squares and lines: rainy season. (a) Ifaty and Toliara, (b) Andremba.

The evolution of consecutive rainy days without rain N, is reported in Figure 12 for the dry
season (Apr. - Oct.) and the rainy season (Nov. - March). One obviously observes a much smaller Nc
during the rainy season. In spite of large data scatter, inherent to meteorological phenomena, one
sees that N¢ in the rainy season weakly decreases from 1991 to 2005 (~ 4.3 days in 1991 and ~ 3.7 days
in 2005) and weakly increases from 2005 to 2023 (~ 3.7 days in 2005 and ~ 5 days in 2023). This behavior
is the opposite of the rainfall volume evolution (see section 3.3.1), the larger consecutive rainy days
without rain logically corresponding to the smaller rainfall volumes. During the dry season, one
obviously observes a much larger number of days between consecutive rain falls (about three times),
with a general decrease, more marked at Ifaty Toliara (from 14 days in 1991 to 11 days in 2023) than
in Andremba (from 10 days in 1991 to 9 days in 2023).

35 20

r —— e
ra Ifaty-Toliara ] ‘b Andremba
30 . r
3 1 15 | N
s ° E j o °
L [e] o]
20 L E [ ]
3 F © o © ] o 10 [P0 o© o o o o o ]
Z 50 % o © o o E = W ]
Fal — o L 5 0o © oo 1
r 6} 0O o N ] r o © o
10 | 0o o o om 1 t o ]
N 4 5 | ) | —
L e} n o - O 4 [ - . n [ ] _l__l__-l"'
5 F.m a1 Fmm -n__n M Ag--wg™ 5 L 4
a -.J.---.--'_-_._-._‘-_'.;.l.r!i-.-.lr. . : by Lo P L i .
0 o v b v v v v v b b b ey 0 1 0 cooc b b e b e b b e b
1990 1995 2000 2005 2010 2015 2020 2025 1990 1995 2000 2005 2010 2015 2020 2025
year year

Figure 12. Evolution of the typical number of consecutive days without rain, N, for the dry season
(Apr.-Oct., red circles) and the rainy season (Nov.-March, blues squares). The full and interrupted
curves are smoothening functions.

3.3.2. Extrapolation 2021-2030

a) Verification with 2021-2022 data

The extrapolated monthly rainfalls were calculated according to the algorithm presented in
Figure 3 for 2022-2033 (see Figure 9). One observes (insets of Figure 9) that the MLP-ANN
extrapolation gives values in reasonable agreement with the measured data.

b) Evolution 2022-2033

Figure 9 shows that, after an increase in the period 2021-2023, the extrapolation to 2033 confirms
the rise in dewfall volumes, with about the same mean value 60 mm.mth-! as in 2000.
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3.4. Dew-rain ratios

In order to determine the contribution of dew in the global water balance, a dew/rain ratio can

be defined as:

v=3 (6)
where H, is the volume of rainfall calculated on the same time period as the dew yield H,. This
factor exhibits quite large variations because in some months H, =0, thus making the contribution
of dew the only input in the water balance. In order to average these variations, one will consider
either the yearly mean

= Zyear Hg (7)
Zyear Hy

or the dry or rainy season means

season H
t= éseasonHj (8)

The results are shown in Figure 13 for the three studied sites. Concerning the yearly season, the
evolution is the opposite of dew and rain evolutions, with a decrease of ~ 30% from 1991 to 2000, an
increase of ~ 30% from 2000 to 2018, a decrease from 2018 to 2023 of 30% and a subsequent weak
increase of ~ 10%. The mean values with SD in the period 1991-2033 are (Ifaty) 4.0% + 1.3, (Toliara)
2.9% % 0.8 and (Andremba) 2.5% % 0.5. The ratio in the rainy season follows similar behavior but
with nearly half mean values: (Ifaty) 1.9% =+ 0.8, (Toliara) 1.3% + 0.4 and (Andremba) 1.2% + 0.3.
The evolution behavior in the dry season is less pronounced but compatible with what is observed
in the rainy season. The mean values become significantly larger, with (Ifaty) 27% % 20, (Toliara)
20% + 20 and (Andremba) 15% + 9.

In sections 3.2.1 (dew) and 3.3.1 (rain) the similarity of behavior of dew and rain evolution was
noted. However, the amplitude of variation of rain being larger than that of dew, the overall behavior
of the dew/rain ratio is thus seen to behave inversely to dew and rain evolution, which explains the
observation of Figure 13, particularly clear for the yearly and rainy seasons.

The yearly values are relatively low, but with the contributions of fog and mist in the coastal
areas (Efoetsy, Andremba, see section 3.1 and Figure 4) the non-rainfall contributions can reach three
times the dew amount. Contributionsup to 10% could therefore be attained, which is a considerable
contribution. As a matter of fact, the value t = 19% was measured in average for a 18-month period
by [29] at Efoetsy. Concerning the only dry season, mean values as large as 27% are observed with

regular peaks as large as 80%. With the contribution of fog and mist, the mean value might rise to

80%.
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Figure 13. Evolution of the dew/rain ratio t for the three sites Ifaty, Toliara and Andremba. (a) Yearly
data, (b) dry season (Apr.-Oct.) and (c) rainy season (Nov. —Mar.) seasons. Red curve: 1991-2022; blue
curve: extrapolation 2023-2033; red curve: 2021-2030.

4. General discussion

The first result of this study is the recognition that on a rather small area ( ~ 100 X 60 km?) dew
yields can vary much than rain volumes. For instance, dew varies by 50% between Toliara and Ifaty
that are distant of 27 km, and is nearly the same in Toliara and Andremba 60 km distant. In contrast,
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rain keeps nearly the same values in those three sites. This observation is due to the process of
formation of dew, which is a function of quite local values of relative humidity, air flows (wind) and
cloud cover, in contrast to rain, which forms in the upper regions of atmosphere and is convected on
large distances before falling an a large area.

Another result is the finding that the evolutions of dew and rain are similar. The reason can be
found in the variation of local relative humidity, which governs the dew yield and increases with
increasing rainfall. The evolution is non-monotonous, with increase from 1991 to 2000, a decrease up
to 2018 and a further increase till 2033. The evolution of rain is known to follow the ocean surface
temperature, which undergoes periodic oscillations known as Indian Ocean Dipole (IOD, see e.g.
[52]). The IOD is negative when the water surface temperature of the Indian Ocean is below normal
in the west and above normal in the east. When a negative IOD is observed then in the central-western
tropical Indian Ocean the precipitation is below normal while in the eastern tropical Indian Ocean
and in the western tropical Pacific Ocean the precipitations are higher than normal. Extreme 10D
events (droughts, floods and hurricanes) are likely to increase in the future as a result of the climate
change. These events have a tendency to relate with El Nifio events.

In terms of water content, dew forms much more regularly than rain. The number of consecutive
days without dew is the same in the dry and rainy seasons (2-3 days). It is much larger for rain, in the
dry season (10-15 days) and even in the rainy season (3-5 days). Although the dew yield remains
modest (1-2 mm.mth?') when compared to rain (~ 30 mm.mth?), corresponding to yearly mean
contribution of 3-4%, its contribution during the dry season can be much larger, up to ~ 30% in
average, with regular peaks up to 80% . Its evolution is opposite of rain and dew, due to the larger
influence of rain variation in the ratio dew/rain. One notes that the contribution of collected fog and
mist can increase by a factor 3 this contribution, as seen in Efoetsy on the coast and Andremba.

5. Conclusions

Dew yields were calculated in three sites, Ifaty, Toliara and Andremba (Madagascar) between
1991 and 2023 from meteo data thanks to an energy equation. The region has a mid-latitude steppe
and desert climate characterized by high humidity, which favors dew formation. When combined
with rainfalls, the evolution of dew and rain and their relative importance can be determined in the
period. The data are extrapolated from 2023 to 2033 by using an artificial neural network.

The evolution of dew and rain is found similar and in agreement with the variations of the IOD
ocean surface temperature. One observes an increase from 1991 to 2000, a decrease up to 2018 and a
further increase till 2033.

The contribution of dew with respect to rain is found rather weak when averaged on a year,
about 3-4%. However, dew forms very regularly all over the year, which makes its contribution very
large during the dry season (Apr.-Oct.). the mean value can reach ~ 30% and peaks are on order of
80%, due to the conjunction of higher dew yield and lower rainfalls. The values calculated for dew in
this work (mean value about 1-2 mm.mth?) are conservative. The measured non-rainfalls indeed
exhibit much larger yields, on order three times larger. On the Madagascar coast, fog and mist indeed
add to dew and considerably increase the contribution of non-rainfall water.

The number of consecutive days without rain or dew is an important factor for the vegetation
and in general for animals and human population. The mean number of consecutive days without
rain is on order 3-5 days during the rainy season and much larger during the dry season (10-15 days).
In contrast, dew is regular all over the year (number of consecutive days without dew is in average
2-3 days), which makes dew a reliable source of water for plants, animals and population.

The evolution of the dew and rain water resources is related to the the ocean surface temperature
governed by the Indian Ocean Dipole. Its variations, alike El Nifio, are subjected with the climate
changes. In particular, extreme events (droughts, floods and hurricanes) are expected to increase in
the future.
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