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Abstract

During the southern hemisphere summer-season, Mozambique faces an array of agroclimatic
hazards, the most prominent being the precipitation pattern highly variable. With ongoing climate
change, the pattern of precipitation around the world is projected to be affect but, there are few
studies about how this change will impact the subregional and/or local scale. Throughout
Mozambique, little more than 70% of the households has agricultural as its main income to
livelihood, being rainfed the prevailing water management among the farming fields. Early warning
about the onset dates of the rainy season is very useful for planning the timely preparation of
farmlands and for reducing the risks involved in planting too early or too late. The present study
aims to investigate the changes in onset and end of the rainy season, under two Representative
Concentrations Pathways, RCP4.5 and RCP8.5, relatively to current climate over Mozambique. To
reach this goal and establish the possible forward or backward shift, the pentad method was
applied for daily mean precipitation dataset simulated by regional climate model RegCM4 for maize
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growing-season over Mozambique. The findings indicate that, the entrance and withdrawal of the
rainy season are in phase of climatology and with the results founded by Mozambique National
Institute of Meteorology. The central-northern rainy season begins slightly later of the start in
southern region of Mozambique, where the onset occurs in earlier October and, between October
mid-half and early November gradually moves to central-northern regions. Under both climate
scenarios however, there is a trend to shift, foreward and backward the onset and end of the rainy
season, respectively. Meaning that, climate change could delay the onset and anticipate the end
of the rainy season in Mozambique.

Keywords: Rainy Season, Onset, Summer-Season, Climate Change, Regional Model
Introduction

The purpose of this study is investigating the relevant changes of climate precipitation pattern
during austral wet and dry season over Mozambique. This issue seems to have been overlooked in
the studies about climate change impact-related throughout southern Africa region in general,
which tend to concentrate on how well the global and regional models can reproduce the climate
without regarding to rainy season timing. Meanwhile the onset of rainy season in Mozambique has
not been examined as response to climate change, although it is recognized as important issue to
several activities, especially for agricultural. From a general perspective, the rainy season is
commonly understood as the period of “greatest” occurrence of precipitation events. But, the
technical concepts applied in the scientific community to define the onset, end and length of the
rainy season are more specific. For instance, Stern et al. (1981) define the onset of the rains as
the first occurrence of a specified amount of rain within two successive days. Meanwhile, from a
meteorological perspective the onset and end represent a sudden change in a tropical atmospheric
heat source, the addition or subtraction of which is known to alter both the large-scale and regional
circulation. There are many possible definitions for the onset of the rainy season.

Rainfed agriculture is the dominant source of food production in Mozambique, where more than
half of staple cropland areas are used during rainy season. Although more than 70% of
Mozambican households have their livelihoods stemming from the income of agricultural activity,
the onset, length and end of the rainy season has no long been a subject of interest in the scientific
community, which is reflected in gaps of information in literature. Moreover, under present and
even for projected future climate changes there is no many studies focusing in update of possible
changes of precipitation pattern concerning in onset, length and end rainy season throughout
Mozambique. As far as we know, there is no update studies with the same scope that have been
carried out a research for sub regional scale within Mozambique boundaries. The empirical concept
of growing season used to make a choice of planting or sowing dates is usually based on
climatological rainy season which is closely related to meteorological summer season in the
country. Usually, the rainy season fitted with the planting windows of major cereal crops (such as
maize and rice) in Mozambique, starts in October and extends to March, and sometimes goes on
up to April. However, as a natural consequence of climate dynamics and changes, the beginning
and end of the rainy season are susceptible to inter annual and intraseasonal variability. Thus,
through an accurate prediction of the onset of the rainy season for Mozambique, the benefit will
be an added value. Moreover, the knowledge of the onset of the rainy season have an important
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application in cropping systems in order to prevent crop failure and ensure a better choice of crop
variety according to favorable agrometeorological climate zone under present and future climate
environment being experienced across Mozambique. Otherwise, for successful cultivated crops it
is important to know whether (i) the precipitation is continuous and enough to ensure adequate
soil moisture during planting time and (ii) if the amount of precipitation would be maintained or
even increased during the growing period to avoid crop failure. Hence, reliable estimates of the
onset and the end dates of the rainy season strongly will determine the level of the risk of annual
crops and the better sowing dates of these agricultural crops in Mozambique. On the basis of
reliable scientific methods, it therefore become imperative that the onset of the rainy season, which
coincides with the start of the growing season, must be predicted ahead.

For different purposes, the spatial and temporal variability of onset and end of the rainyseason has
been the subject of some sub-Saharan African (SSA) countries. For example, Ati et al. (2002) made
a comparative analysis among five methods to determine the onset of the growing season in
Nigeria, to finding the best method that can also be used for predictions in that country. Important
result from this study is that, if there is no dry spell window to consider, all the methods presents
a significant degree of “false starts”. In addition to determine the onset and end of the rainy season
in Zambia, Hachigonta et al. (2008) correlated these events with El Nifo Southern Oscillation
(ENSO) and regional circulation anomalies. Mupangwa et al. (2011) defined the onset, end and
length of the growing season for south of Zimbabwe through the definition from Stern et al. (2006).
One important issue highlighted in this study is concerned about the absent of any dry spell of
more than 10 days after start of growing season to eliminate the possibility of a “false starts” of
the rainy season. The period of one month after start of the rainy season considered in the same
definition, represent the mean length for the initial growth stage and well-established development
of most agricultural crops. Besides to proposed hybrid method to solve this problem, similar
researches came up to avoid the noise of false start. For instance, Amekudzi et al. (2015), Akinseye
et al. (2016) and Traore et al. (2013) determined the onset and end dates of the rainy season
using long-term daily precipitation records from meteorological weather stations spread across
agroecological zones in Ghana and Mali, respectively. This latter one showed that, there is a
significant relationship between the start of precipitations and the length of the rainy season, thus,
earlier onset most often leads to longer rainy season. From different methodology based on
empirical evapotranspiration models, Edoga (2007) determine the onset, length and end dates of
rainy season in Guinea. This methodology was developed and firstly applied for the same purpose
in Nigeria by Benoit (1977).

Besides to aforementioned concepts (local assessment) applied in order to fit the requirements of
a given crop and to account for local-scale climatic conditions, there is a different perspective (non-
local assessment) based on Principal Component Analysis (PCA) and Multivariate Analysis. A study
worth highlighted following the research methodology based in PCA was made by Camberlin and
Diop (2003) for Senegal, West Africa. This research was explored to identify a regional index for
the onset and the end of the rains. Through the PCA applied to statistical downscaling processes
Laux et al. (2008, 2010) investigate the onset dates in the Volta basin of West Africa. In the same
research line Boyard-Micheau et al. (2013), proposed a new approach that considers multiple
combinations of rainfall thresholds in PCA to define onset and end dates of the rainy season in
Kenya and northern Tanzania. The researcher’s of this paper stated that using high thresholds in

Jor Environ Dyn Geo-Sci



https://glintopenaccess.com/Environment/Home

dry areas leads to a large proportion of undefined onsets, while too low thresholds in wet areas
make any wet spell a candidate onset, and results in a very small inter annual variability of the
onset. The application of the former methods is unworkable for extrapolation years ahead.

From the perspective of potential impacts of global warming and climate change on the onset and
end of precipitation, Kumi and Abiodun (2018) examined it for West Africa. An important note
highlighted in this paper is that, the precipitation onset controls the best planting dates while the
cessation and length of rainy season determine the type of crops to be grown. More recently,
Batungwanayo et al. (2020) investigated the response of seasonal vegetation dynamics to current
and projected climate in Burundi. In this study the inter annual variability of the onset of the rainy
season was assessed, and the researchers stated that, high standard deviations of onset date of
seasons lead to a misunderstanding of climate dynamics and, as a result, decisions about
planting/sowing and related activities will be made at high risk.

Before the “true onset” of the rainy season, it is likely to occur spontaneous wet spells (referred
as “false starts”) which make local farmers think that the rainy season is settling. Thus, the earlier
or later planting is feasible, if the estimates of onset and end dates of rainy season represents one
of the tools of local knowledge that farmer have to make better decisions of sowing dates. Likewise,
these rainy season characteristics (onset and end dates) are often more relevance than seasonal
rainfall totals mainly for agricultural activity and water resource management. Although the
importance of this climate information, there are relatively few efforts devoted to understanding
the onset and end of rainy season on current climate in Mozambique. So far and concerning to this
issue, besides to "Atlas de Precipitagdo de Mogambique" (2007) and, Macie and Freitas (2016),
there are no studies for the present study domain that are known in the literature. Nevertheless,
there are no known studies on how future climate forcing scenarios may impact precipitation onset
and end dates over Mozambique for near or late future. The present study is possibly the first one
that addresses this issue from the point of view of the impact of climate change on onset and end
of precipitation under climate scenarios at local scale in Mozambique. The findings presented here
may become important to fill the knowledge gap among the agricultural stakeholders and decision-
makers, relative to climate impact-related on the onset and end of the growing season in
Mozambique.

The purpose of this study is to investigate the intraseasonal variability and the possible shift in the
onset and end dates of the rainy season under two future climate scenarios (RCP4.5 and RCP8.5)
relative to present climate in Mozambique. This aim will be reached through the simulated outputs
from regional model-RegCM4, as the strong alternatives to fill the problem of lack of large observed
weather stations datasets. Through the output dataset, it became possible compute and apply
appropriate scientific methodology (pentad methodology) to determine the onset and end of rainy
season at local scale throughout the study domain. The criteria used here to define the onset and
end dates consider the maize growing season, the staple food in the study domain.

Jor Environ Dyn Geo-Sci



https://glintopenaccess.com/Environment/Home

Data and Methodology
Study Domain and Climatology

The study domain is Mozambique, a country located in eastern Southern Africa and to east lies the
Indian Ocean. The country is divided into 3 regions, namely, northern region, central region and
southern region. Administratively, there are 10 provinces in the country and, the corresponding
weather stations (ws) existing in each province are used as reference of the observed dataset in
this study. These ws are used as a reference because of the consistency of the recorded dataset,
and good historical observations of 30 or more years (Fig. 1). The analyses made in this research
take into account the air temperature and precipitation climatology from the ws throughout the
study domain. Although the higher density of ws is desirable, the smoothed gradient of air
temperature over the country combined with the smaller zonal and meridional extent of the
territory, allow a reasonable extrapolation of the climate trends at sub-regional to local scale.
Mozambique, National Institute of Meteorology (INAM, IP) uses the World Meteorological
Organization (WMO) standards to label and identify each of the ws through the name of its
respective capital province. Here is used the same attribution for the ws and by the way, the black
dots close to the symbols represent the geographical location of each ws in the study domain,
namely: Pemba (PB), Nampula (NP), Lichinga (LC), Quelimane (QL), Tete (TT), Beira (BR), Chimoio
(CH), Inhambane (IN), Xai-Xai (XX) e Maputo (MP). Although there are several other ws in
Mozambique, in the present study were considered six ws, divided equally for northern and
southern regions, in addition to another four ws in central region of the country. It is important to
highlight that regarding to topography the country has a west-east slope gradient, configuring
plain regions throughout the nationwide coast and increasing altitude for the inland plateau areas
in the central and northern regions. This topographic uplift 11 contributes significantly to the
noticeable spatial gradient of precipitation in the country (Fig. 1, left panel).

The climate of Mozambique is characterized by tropical monsoon with two remarkably distinct
seasons, dry and wet. Hence, the trend line of mean monthly precipitation (air temperature) ranges
from wetter (hotter) with up to 200 mm (between £ 25 and + 27°C) to drier (colder) with lower
than 50 mm of monthly mean precipitation (between + 20 and £ 25°C). The rainy (drier) season
in Mozambique is overlaid to extended summer (colder) season which lasts from October to March
(April to September) (Fig. 1, right panel). The wettest months within the extended summer season
are December and January, but January is the wettest month across the whole country (Atlas de
Precipitacao de Mocambique, 2007; Macie and Freitas, 2016; Programme, 2017). High temporal
variability of precipitation, reflected by dry and wet season throughout the year, are the most
important weather and climate factors affecting agricultural activity in Mozambique.
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Figure 1. Topography of Mozambique and the three climatological sub-regions used in this study
shown in the right 3 panels, while the black mark means the geographic locations of each weather
stations: Pemba (PB), Lichinga (LC), Nampula (NP), Quelimane (QL), Tete (TT), Beira (BR),
Chimoio (CH), Inhambane (IN), Xai-xai (XX) e Maputo (MP). The rightmost panel shows the mean
annual trend of precipitation and air temperature over abovementioned weather stations. Source:
Sumila et al. 2023.

According to Ministry of Agriculture of Mozambique, the onset of rainy season under current climate
is defined as the first occasion with accumulated precipitation within 8 days equal to or greater
than 25 mm. But this definition may lead to a fake onset. So, to avoid the false warning, INAM, IP
use the definition of Stern and Garbutt (1981), Stern et al. (1982) and Stern et al. (2006) manual
of “Instat” quoted in Atlas de Precipitagdo em Mocambique (2016). According to this definition, the
onset of rainy season in Mozambique is the first day of September with accumulated precipitation
in 1 or 2 days equal to or greater than 20 mm, followed by a period of not more than 10 consecutive
dry days in the following 30 days. However, Akinseye et al. (2016) recomended that prior to apply
this definition, it is important to adapt the criteria because the strong influence of the local weather
conditions, the evaporative demands of crops, cropping practices, etc. Similar definition to the
former one was used by Mupangwa et al. (2011) when they were analyzed the onset and end of
rainy season in Zimbabwe. The remarkable aspect in this definition is that, there is a condition of
no dry period which not exceeding 10 days eliminates the possibility of false start of the rainy
season. Moreover, thirty days is the mean time required for the initial stage of growth and
development of most agricultural crops.

Observed and simulated climate dataThe range from October to March occurs the overlap of the
extended summer season and the rainy season, and therefore, the rainfed crops grow overlapping
in both period along the country. Results from Atlas de Precipitacago em Mocambique (2016)
produced by INAM, IP indicate that the onset of rainy season starts earlier (October mid-half) in
the southernmost region of Mozambique, particularly surrounding MP and XX ws. In most of the
central region the onset of rainy season starts between earlier to mid-half November. However,
around TT, LC and PB weather stations, the onset occurs between late November and early
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December (29 November - 04 December). The same scenario is also observed in the coastal strip
of the NP and IN weather stations.

Observed and simulated climate data

Observed precipitation dataset of the ws over Mozambique are obtained from INAM, IP. The range
of the present climate data considered here is 1971-2000 for both, observed dataset at the ws, as
well as climate model simulations.

The runs of the regional model RegCM4 nested by Global Circulation Model HadGEM2, at 50 km of
horizontal resolution, were made under two Representative Concentration Pathways (RCPs),
moderate and strong radiative forcing, RCP4.5 and RCP8.5 respectively, for present and future
(2070-2099) climate. The RCPs are defined on the basis of radiative forcing pathways on 21st
century. Radiative forcing is a measure of the Earth’s energy balance. It is affected by Greenhouse
gases (GHG) and aerosol concentrations, changes in land cover, and solar energy (Moss et al.
2010). Concepts and physical processes under build of RCPs scenarios can be found in Riahi et al.
(2007), Moss et al. (2010), Clarke et al. (2011), Van Vuuren et al. (2011), Jubb et al. (2013) and
Fujino et al. (2016). Meanwhile, the physical parameterization and model setup applied for RegCM4
runs were described in Sumila et al. 2023. On the other hand, general and additional information
about RegCM is available in Coppola et al. (2012); Diffenbaugh et al. (2005); Elguindi et al. (2011);
Giorgi et al. (2012); Giorgi and Anyah (2012); Giorgi and Mearns (1999); Giorgi, Solmon and
Giuliani (2016). Among several output climate variables, two of these variables (precipitation and
air temperature) are defined as the most important to define the spatial-temporal pattern in the
summerseason. However, to reach the scope of the present study through the pentad method,
only daily precipitation data will be used.

Identification of the onset and end of the rainy season

As stated previously the rainy season in Mozambique comprises the months of October through
March, and the dry period, May through September (INAM- National Institute of Meteorology). To
encompass the last month of the dry and rainy season, the computation to define the beginning
and end of the rainy season in the present study, were made considering the months of September
and April, respectively. The analysis were done under three experiments, the first one for present
climate and the other two for the future climate scenarios, as stated in latter section.

There are many definitions and several methods that have been used to determine the onset and
end of the rainy season. But the definition used by Stern and Garbutt (1981) and Stern et al.
(1982) is somehow as a stepping-stone to the several other definition available in the literature.
The concept used in the present study, unlike to find the onset and end, it was used to estimate
the length of the dryseason under future scenarios relative to reference period or present climate.
For this purpose, a quantity anomalous accumulation, A (j), is defined at each grid point of the
study domain over time according to the equation below:

AQ() = Z[R(i) R] j i=1, where R(i) is the daily climatological precipitation and is the annual mean
of the daily precipitation, both in mm/day. Note that, R (i) and are both referred to reference period
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and both future scenarios simulated by RegCM4. The calculation can be started at any time, but
commonly it is started 10 days prior to the beginning of the driest month and is summed for a
year. Here, day one is taken to be June 22. The conceptual aspects of this definition are local
because it depends on the climatology of the ws used here. Additionally, the threshold considered
here is 5 millimeters accumulated over 5 days (pentad precipitation).

The pentad concept is based in accumulated daily mean precipitation dataset to determine the
onset and end rainy season in the study domain. The onset and end dates are determined as five-
day averages precipitation (pentads), computed as the daily mean of 30 years. The computations
were made for three RegCM4 experiments: present (1971-2000) and future periods (2070-2099).
This latter one simulated under RCP4.5 and RCP8.5 climate scenarios. The composite of pentad
series was buildup for the study domain and extracted datasets of each ws. It is important to worth
highlight that, these extracted datasets were made applying the bilinear grid remapping method
through climate data operator (CDO) for each corresponding latitude and longitude of each ws
throughout the study domain. The application of bilinear grid remapping method allows the
representation of each ws for the regions around. The geographical coordinates of the datasets
extracted are those considered as the first class ws by INAM, IP (as illustrated in Fig.1).

For Marengo et al. (2001) cited by Liebmann and Marengo (2001), the onset and end are defined
as the first pentad with a daily average of more (less) than 4 mm day-1 , provided that 6 of the 8
preceding (subsequent) pentads had daily averages of less than 3.5 mm day-1, and 6 of the 8
subsequent (preceding) pentads had daily averages of more than 4.5 mm day-1. The criteria for
the preceding and subsequent pentads are included because, precipitation is a fairly noisy quantity
and it is necessary to ensure that the pentad computation is capturing the true transition. The
results used for the pentad concept are quite sensitive to the choice of the threshold. Than, due
to the lowest daily precipitation occurring in the southern region of Mozambique, the thresholds
used here will be one and half millimeters below those used in the previous definition. Unlike to
other methods, the pentad precipitation method has the advantage of directly using the observed
rainfall data from ws, rather than inferring the rainfall amount from other related parameters,
making it appropriate for the present study.

To assess the annual and seasonal variability of precipitation in Mozambique, the climatology of
the pentad precipitation according to the calendar days and corresponding pentad number were
computed. The precipitation pentad was computed through a daily mean precipitation for thirty
years, corresponding to present and both RCPs scenarios. These calculations come from 360 values
of mean daily precipitation throughout the study domain and, hence, 73 pentads of accumulated
precipitation (Table 1). Additionally, to assess plant exposure to acute water deficit during grain
development, the dry spells and precipitation rate throughout the rainy season under RCP4.5 and
RCP8.5 relative to present climate period was calculated.

Table 1. List of the pentad number and corresponding calendar days, used to analyze the annual
and seasonal spatio-temporal variability of precipitation in study domain
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Pentad nr |Calendar dates [[Pentad nr |Calendar dates [Pentad nr |Calendardates |[Pentad nr |Calendar dates
1 1-5 January 21 11-15 April 41 20-24 July 61 28 Oct-01 Nov
2 6-10 January 22 16-20 April 42 25-29 July 62 'E)Z-UG Nov
3 11-15January |23 21-25 April 43 30 July-3 Aug |63 07-11 November
4 16-20 January |24 26-30 April 44 4-8 August 64 12-16 November
5 21-25 January |25 1-5 May 45 9-13 August 65 17-21 November
6 26-30 January |26 6-10 May 46 14-18 August 66 22-26 November
7 31Jan-04Feb |27 11-15May 47 19-23 August 67 27 Nov-01 Dec
8 5-9 February 28 16-20 May 48 24-28 Aug 68 02-06 Dec
9 10-14 February |29 21-25 May 49 29 Aug-02 Sept |69 07-11 December
10 15-19 February |30 26-30 May 50 03-07 September |70 12-16 December
1 20-24 February |31 31 May-4 June |51 08-12 September |71 17-21 December
12 25Feb-1Mar |32 5-9 June 52 13-17 September ||72 22-26 December
13 2-6 March 33 10-14 June 53 18-22 September ||73 27-31 December
14 7-11 March 34 15-19 June 54 23-27 September
15 12-16 March 35 20-24 June 55 28 Sep-02 Oct
16 17-21 March 36 25-29 June 56 03-07 October
17 22-26 March 37 30 June-4 July [[57 08-12 October
18 27-31 March 38 5-9 July 58 13-17 Octaber
19 1-5 April 39 10-14 July 59 18-22 October
20 6-10 April 40 15-19 July 60 23-27 October

Results

Annual precipitation

As discussed before and illustrated in Fig.1, there is a great variability in annual cycle of
precipitation over Mozambique with the largest amounts being recorded during austral summer
season. Fig. 2 shows the climatology of mean annual precipitation for reference period and both
representative climate scenarios, RCP4.5 and RCP8.4, simulated by regional model RegCM4. For
reference period, the maximum precipitation of more than 1500 mm. yr-1 occur over central and
northern regions of the country, and the minimum in southward of 21 S of latitude and along
Zambezi river basin. There is observed some extreme “hotspot” of more than 2000 mm. yr-1 in
northernmost of LC and coastal region of NP and PB ws (Fig 2a). Concerned to the total amounts,
there is a little overestimation and outliers relative to the highest record. On the whole however,
the model captures fairly well the noticeable amount of precipitation over the centralnorthward
regions. These regions are strongly influenced by monsoon precipitation linked to Intertropical
Convergence Zone (ITCZ) and the deep convection, common weather events during summer
season in Mozambique. The description of the seasonal distribution of precipitation and synoptic-
scale features have been discussed extensively in previous studies.

The precipitation spatial features described previously is discussed here for each representative
climate scenarios relative to baseline period (Fig. 2b and c). As can be seen for RCP4.5, it is
observed an overwhelming driest response over the study domain, but the drier response occur in
the regions where is observed the higher precipitation in the baseline period (Fig. 2b). Meanwhile,
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the less negative response is observed over most of the southern region and elsewhere areas of
the study domain. Similar pattern occurs under RCP8.5 scenario but the driest response is more
pronounced, and the “bipolarization” between southern-central and northern regions become
noticeable (Fig. 2¢). It is important to worth highlighted that, under both climate scenarios, there
is a northwest-southeast gradient throughout Gaza province and Zambezi river basin, being slightly
positive upstream and decreasing negatively downstream (Fig. 2b and c). Once again, the drier
response is overwhelmingly more significant for RCP8.5 than RCP4.5 scenarios (Fig. 2c). The
differences associated with overestimating are quite small than those associated to
underestimating, probably due to the influence of local topography gradient from the coastal
regions towards to inland plateaus, similar to zonal gradient of precipitation observed in the region.
Although the small differences, the results corroborate with the findings of previous studies.

Total annual Total difference Total difference
265 —~{ o Reference:1971-2000 - RCP45-Reference I RCP85-Reference
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3 1€ RE 1E L3 356 BHE 7€ 38E 398 13
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Fig. 2. Mean annual total precipitation for reference period (panel a) and, the difference (panels
b and c) between both climate scenarios (RCP45 and RCP85) relative to reference period (1971-
2000).

The onset of rainy season

Before the discussion about the onset and end of the rainy season, it is addressed the composite
of precipitation pentad for each ws and for present and RCP’s scenarios. For a better understanding
of annual precipitation variability on pentad timescale in Mozambique, the pentad climatology is
showed in Fig. 3. From Eqg. (1) applied to climatological data simulated by the regional model
RegCM4 in the study domain, the composites of pentad precipitation are illustrated as the
anomalous accumulation curves (Fig. 3). The pentad ranges from just over 0.2 to about 24 mm
day-1 for present and both future scenarios. Additionally, the year-round trend-line of pentad
precipitation can be seen to be quite similar as that present in Fig. 1, the anomalous accumulation
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still lowest during the dry season, centered between June and July, and then increasing in the wet
season up to the core period, between December and January. For present climate, values below
5 mm day-1 ranges from pentad 30 (26-30 May) to 60 (3-7 Oct) (Fig. 3a), meanwhile it is observed
a shift from pentad 30 to 16 (17-21 Mar) under RCP4.5 and from 30 to 12 (25-Feb to 01-Mar)
under RCP8.5 scenarios (Fig. 3b and c). This means that there is a shift of pentad equal to or
greater than 5 mm day-1 from May to March and from May to February under RCP4.5 and RCP8.5
relative to reference period, respectively. As the pentad range below 5 mm day-1 extends, the
immediate consequence is the reduction of the period whose precipitation at this threshold is
compressed.

The abovementioned annual variability in pentad time scale is adjusted only for central (blue lines)
and northern (red lines) regions of the country, because the southern region records are below
5mm day-1 in almost the entire trend-line, except for pentads 60 or more for reference period and
65 (17-21 Nov) under future scenarios, respectively (Fig. 3). Likely for this reason, there will be
some difficulty in applying the criterion to define the onset of the rainy season in the southernmost
regions of the study domain. Important observation from this result is that, the global mean of
precipitation pentad tends to reduce as the radiative forcing become stronger. The opposite trend
is observed for standard deviations. Since that there is observed trend to extend the pentad below
5 mm day-1, the expected response is obviously, the shrinks of opposite condition (pentad above
5 mm day-1). This finding may be the foreshadowing of the possible impacts of climate change,
from the point of view of climatic scenarios, at the onset, end and length of the rainy season. It
may means that, the late onsets and early ends are likely to be more usual under climate scenarios
relative to current climate. Additionally, the estimation of the steady rainfall during the wet season
and almost complete lack of precipitation during the dry season illustrated in the present results,
are evidence of variability of the precipitation trend line year-round. For this reason, the response
of the beginning and end of rainy season to the RCP’s scenarios, estimated through Eq. 1, becomes
reliable and robustness for the study domain.

However, in spite of the thirty years that were averaged over study domain, the method used here
(Eqg. 1) is still noisy concerning to the beginning and the end of the pentad precipitation above and
below 5 mm, anticipating coarsely this threshold. This method was used by Sparacino et al. (2021)
to determine the onset and end of rainy season over Amazon region, but here is observed failure
of this method to reach a good approximation for onset dates. Remembering that, according to
“Atlas de Precipitagdo Mogcambique (2007)"”, the pentad precipitation above 5 mm in Mozambique
ranges from October to March.

The findings presented in the last section must be strongly supported through the estimation of
the onset of rainy season as a response to simulated future precipitation under RCP’s climate
scenarios over Mozambique. The dates of onset and end of the rainy season for present climate
and under both RCP’s scenarios, based on the pentad climatology are shown in Fig. 4. As example,
the trend line represents the ws of each climatological region considered in this study. The results
indicate that, the climatological annual trend of precipitation is tied to summer and growing season.
For present climate, the onset of the rainy season progresses from southern toward to central and
north regions. The earliest onset dates are the pentad precipitation centered in the beginning of
September for three ws (Fig. 4g, h and i). It is important to highlight that, the criteria of pentad
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thresholds for the weather stations of southern region was lower (2 mm) than those used to central
and north regions (5 mm). The pentad of onset dates in the central region of the study domain
are centered in early October (Fig. 4d, e and f). Meanwhile the onset in the northern region occurs
in late September for LC, mid-half October for NP and late November for LC ws, respectively (Fig.
4a, b and c). The later end of the rainy season occurs in the northern region, ranging from mid-
January in LC and NP, to the beginning of February around PB, and part of the central region (mid
January in QL). There is a noticeable timings of growing season indicating that among the central
and northern ws, TT and CH are those that represent the shortest growing season length, mostly
arising from a combination of latter onset and earlier end. Note that, the criteria used here does
not met with the end of rainy season in southern region of the study domain where it is almost
never defined. A possible explanation may be the occurrence of very low pentad precipitation in
this region, since the criterion used is very sensitive to the applied threshold. Meanwhile, in the
"Atlas de Precipitagdo de Mogcambique" (2007) and Programme (2017) was observed a fairly early
onset and late end of the growing season over southernmost region, leading to longest growing
season of the country. The remarkable aspect observed is that the withdrawal of the rainy season
progresses in the same direction of the onset (Fig. 4). The direction of withdrawal in the current
climate is copiously consistent with the mean precipitation climatology, progressing northward.
This lag is caused by northward latter ITCZ movement, while the cold fronts and baroclinic waves
are moved southward following the subtropical high pressure of the Indian Ocean. For present
climate, these results are consistent with the findings of INAM, IP and Macie and Freitas (2016).
Unfortunately, besides to these two, there is no more studies focusing this issue for Mozambique.

When the future climate scenarios are analyzed, there is observed a trend to shift the onset and
end of rainy season, starting later and withdrawing earliest respectively. It means that there is a
trend to shrink the rainy season under future climate scenarios relative to present climate over
Mozambique (Fig. 4). Under both climate scenarios, the onset (end) of rainy season is expected to
move forward (backward) relative to the reference period, with emphasis on PB and LC ws, where
differences reach 15 days (Fig. 4a, b and c).
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Fig. 3. The trend-line of precipitation pentad for reference period (a), RCP4.5 (b) and RCP8.5. The
north, central and southern regions are represented by red, blue and black line colors respectively.

Regarding to the onset among these ws, PB is the one with the most significant shift with a delay
of almost 30 days, followed by LC with about 10 days. In the central region the most significant
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delay in the onset and advance in the end are observed in CH and QL ws. The onset (end) in QL
ws is estimated to occur around early November (late December) (Fig. 4d). In the same time, the
onset and end of the rainy season over CH is expected to occur around November mid-half and
early December respectively (Fig. 4f). On the other hand, the most significant shift in the onset of
the rainy season across the country seems to occur over southern region. For example, there are
observed delay of around 25 days relative to reference period in MP and IN ws (Fig. 4g and i).

Nevertheless, significant changes at the end of the rainy season do not appear clearly in
southernmost region. As can be observed throughout all ws analyzed here, there are no clear
displacement concerning to the end of the rainy season, under RCP4.5 scenario relative to current
climate. Such as underlined by Liebmann and Marengo (2001), the composite signal is one of a
sharp increase (decrease) in precipitation at onset (end), suggesting that the onset and end of the
rainy season are abrupt phenomena, rather than a slow buildup that eventually crosses some
arbitrary threshold. Likewise findings from Kumi and Abiodun (2018), relative to present climate,
the response under the strongest climate scenario indicate the higher delay of the onset and more
pronounced advance in the end of the rainy season.

The findings discussed previously indicate that, when compared to those of the present climate,
there is a generalized trend to shortening the rainy season. The most pronounced response, more
than 25 days, in the delay (advance) of the onset (end) of the rainy season is observed in the ws
over the central and southern regions, under RCP8.5. In the northern region this response does
not exceed 20 days. It is important to worth highlighted that, this climate response pattern is not
clearly observed over the southern region of Mozambique. One possible reason for this results may
be the localscale onset definition be rigid so far as each threshold may not be transposable to other
climate environment. However, the shift of the onset and end of the rainy season suggests that its
length will be shorter, mainly in the central region of the study domain and under the worst
representative scenario (RCP8.5) of climate change. Once again, similar results but addressed for
present climate in Zambia, was found by Hachigonta et al. (2008). In this study was claimed that,
the length of the rainfall season tends to decline and the implication of this result is that the
growing season of agriculture crops may become shorter, leading to additional strains already
stretched agricultural resources. Another research with similar results but for West Africa (Kumi
and Abiodun, 2018), found a delay in precipitation onset but unlike to the response of cessation
dates that is weaker than onset under future climate scenarios. Thus, a decrease in the length of
rainy season was projected over most areas in Mozambique.
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Fig. 4. The mean estimated onset and end dates of the rainy season in Mozambique, for present
(1971-200) and under RCP4.5 and RCP8.5 scenarios, based on pentad climatology of precipitation.
Vertical dashed arrows indicate the start and end dates of rainy season.

In order to assess the spatial response, the present findings can be seen as monthly mean spatial
distribution of pentad precipitation over the study domain (Fig. 5). Throughout the reference period
it is observed that in October, the pentad of precipitation is less than 5 mm in almost all regions
of the study domain, except over southern far region where the pentad precipitation begins to
hover this threshold (Fig. 5a). During the month of November, the onset of the rainy season
(pentad precipitation more than 5 mm/month) is clearly highlighted over the southernmost region
of the country, but in the rest of the country the signal is still weak (Fig. 5b). The signal of the
onset over the central and northern regions begins to get stronger in December, peaking in January
and February, and weakening again in March. At the same time, there is a reverse trend signals
with the beginning of the end of the rainy season in the southern-central direction. It should be
noted that the strongest signal observed in January in the northern region begins to weaken as
early as March, indicating the end of the rainy season in this region (Fig. 5¢, d, e and f). This
pentad of precipitation pattern underline the results discussed in the previous section, according
to which, the onset and end of the rainy season occurs earlier on the southern region, and moves
progressively to central-north regions of the country.
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Fig. 5. Mean pentad precipitation during extended summer season (ONDJFM) for reference period
(1971-2000).

For future climate there is observed a similar spatial pattern of pentad precipitation relative to
reference period, but a different timescale response occurs in both climate scenarios (Fig. 6). In
October the pentad precipitation is well below 5 mm/month, but the signal above this thresholds
came up in November over southern region, for both climate scenarios (Fig. 6a, b and g, h). Despite
the progression of the onset of the rainy season signal to the central and northern regions, it is
still weak in December, relative to reference period (Fig. 6¢ and i). Over the central and northern
regions the signal become stronger in January and February. Meanwhile, the pentad precipitation
begins to decrease to levels below 5 mm/month over southern region of the country (Fig. 6d, e, j
and k). However, the signal for end of rainy season on southern-central direction is stronger in
March under both scenarios (Fig. 6f and |). This last result seems to be conflicting to that one
discussed in the previous section, but it is not, because in the last statement is presented the
spatial pattern of pentad precipitation, while in the previous section was analyzed the annual trend
at the grid point level.
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Fig. 6. Same as in fig. 5 but for Representative Concentration Pathways (RCP4.5 and RCP8.5).

The results about the rainy season (the onset and end) becomes more important if it is combined
with the spatio-temporal distribution of the precipitation and the trend of heat waves.
Climatologically, the occurrence of dry and heat periods is often spontaneous and when lasts long
enough may compromise the agricultural crops development. As stated by Ati et al. (2002), the
plants growth may suffer significantly with either a late onset or early end of the growing season,
as well as with a high frequency of dry spells combined or not with heat wave within the season.
As stated by Laux et al. (2008, 2010) quoted by Akinseye et al. (2016), prolonged dry spells of two
or more weeks soon after sowing are usually disastrous for plant development, leading to poor
germination, uneven plant spacing resulting in yield reductions or total crop failure. The crop
damage can be more severe if the dry spells and heat waves occur during the most sensitive stages
throughout the crop phenology, such as flowering and maize grain filling for example. On the other
hand, for sowing, it is important to know whether the precipitation is continuous and sufficient to
ensure enough soil moisture during sowingemergence and whether this level will be maintained or
even increased during the growing period to avoid total crop failure (Walter, 1967 quoted in Laux
et al., 2010). In this line of though, Batungwanayo et al. (2020) recommended that if a crop could
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withstand 10 day of dry spell (but no longer) then the sowing date must be done delayed,
meanwhile, if the crop could not withstand to the dry spell of more than 7 days, then the earliest
sowing dates should be about 10 days after the highest occurrence of consecutive dry days. Besides
to the flattening of the rainy season, it is clear that these two index (dry spells and heat waves)
are very important for crops management, especially maize, one of the most important staple crops
in Mozambique.

Over the years, the intraseasonal variability of the precipitation and the occurrence of heat wave
in Mozambique, has become increasingly more usual, as reported in “Estado do clima de
Mocambique (2021, 2022)". Under climate change, the dry spells and heat waves may become
more regular and lasting over the most of tropical regions (IPCC, 2021), placing the growing season
under a possible new agroclimatic environment in Mozambique. Besides to the empirical
observations and ws datasets, this statement is supported by the results found through the regional
model RegCM4 run for the present and late future, under climate pathways over Mozambique.

In the agrometeorological context, a dry day is defined as any day with an amount of precipitation
below a specific thresholds. Note that, the plant demand for water is somehow defined according
to each particular crop needs and hence, there are different thresholds used to define dry days.
For instance, Stern et al. (2006) cited by Mupangwa et al. (2011), suggest that for other purposes
the threshold of 4.95 mm can be used to define a dry day. In the present study is defined dry day
as any day that accumulates less than 5 mm of precipitation. Thus, consecutive dry days (cdd) is
the greatest number of consecutive days per time period with daily precipitation amount below 5
mm. Five consecutive days was the the largest number of cdd of time series of daily precipitation
amounts considered here. Meanwhile, for the purpose of the present study, heat wave was defined
as the consecutive five days with the maximum daily air temperature equal or above 40 °C.

During the austral summer season most of cdd occur over northwest areas of XX and IN, along
Zambezi river basin, around QL and southeast of LC ws (Fig. 7a). Relative to reference period,
there are predominantly positive response under both RCP’s scenarios, with a more significant
response occurring along Zambezi river basin, around QL and IN ws. A slightly negative response
is observed in small areas over southernmost (Fig 7b and c). Likewise to the cdd, the most
significant occurrence of heat wave is observed throughout Zambezi river basin, north of BR and
west of QL ws (Fig. 7d). The spatial pattern remain the same for the future climate, but under
both scenarios the observed positive response spreads further north and south of the study
domain, but stronger under RCP8.5 than RCP4.5 (Fig. 7e and f).

Increase in dry spell lengths and heat waves frequency have been reported in some Southern
African countries such as Malawi, Zambia and Zimbabwe (Mupangwa, Walker and Twomlow, 2011;
Tadross et al., 2011). In these studies was stated that, the variability of the onset and end of the
rainy season exacerbates the risk on agricultural crops, mainly when associated with the
occurrence of dry spells and heat waves. Additionally, the same researchers claimed that in most
of Southern African it is common for long dry spells and heat waves to occur during the growing
season.
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Fig. 7. The consecutive dry days (cdd) and consecutive warm days (cwd) are presented.

The cdd and cwd indexes were made for extended austral summer season (from October to March,
represented as OND and JFM). The largest number of cdd and cwd of a daily time series were
divide by 100.

Conclusions

The assessment and prediction of onset and end dates of the rainy season is a key issue in
Mozambique, because the agriculture activity in the country rely on rainfed. The onset and end of
the rainy season in Mozambique must be affected by the precipitation variability and climate
change. For the agricultural purpose, this possible impact must be taking account considering the
overlap between the growing-season and the extended rainy summer-season in Mozambique. To
face the climate change effects and reduce crop failures and climate risks in Mozambique, the
farmers may need to modify their crop management and adapting the planting and/or sowing
dates to adjust the projected changes at the onset and end of the rainy season. This statement
was made by Kumi and Abiodun (2018) for West Africa and is also valid for Mozambique. From a
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pentad time-scale point of view, the phasing of the precipitation annual cycle of Mozambique is in
excellent agreement with that showed in present climatology, where the dry season range is similar
to wet season under current climate. However, the pentad of precipitation under climatic scenarios
indicates the extent of ranges with precipitation less than 5 mm. This reduction is more significant
in central and northern region and stronger under RCP8.5 than RCP4.5. Additionally, the trend to
increase the pentad less than 5 mm is sharper before May (from pentad 30 to 16 and 12, for
RCP4.5 and RCP8.5, respectively) than after October (from pentad 60 to around 65, for both RCP’s
scenarios). For most of the pentad, except after pentad 60, the southern region record is bellow 5
mm, but the trend is similar to those described previously. Neither onset nor end of the rainy
season is clearly defined for southern region of Mozambique, because pentad precipitation is almost
always below the threshold considered in the present study.

The climatological onsets concerned to the scale of weather stations are in phase with those
findings by Mozambique, National Institute of Meteorology. The earliest onset of rainy season
occurs in October mid-half in southern far region and progresses toward central-northern regions.
From late October to early November the onset of rainy season span to most of central region,
arriving near the end of the year (December) in northern region of Mozambique. The central and
northern regions of Mozambique experience significant variations in the onset and end date of the
rainy season, the dates are out of phase with that of the southern far. Under future climate
scenarios the progress toward the central-northern regions remain, however, the onset tends to
lag in relation to the reference period. In the southernmost, the onset and end are less significant
even considering the lower threshold.

Throughout the study domain, there are weather stations in which the methodology used seems
to perform quite well to determine the onset and end of the rainy season under present climate.
However, although the present methodology presents robust results, there are some areas, such
as around PB weather station and over most of southern region provinces where estimates
consistently appear with significant discrepancies [1-55].
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