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Climate change historical and baseline analysis

Dr. Antonio Queface, UEM

1.1a Introduction

1.1

Past Trends in Mozambican climate

1.1a Introduction

Mozambique lies on the southeast coast of Africa between
10°S and 27°S. It has a long coastline which faces

the tropical and sub-tropical Indian Ocean and which
experiences a predominantly maritime climate. The climate
of this coastal region is largely determined by the offshore
warm waters of the Agulas current and the close proximity
of tropical cyclones which pass mostly from the north to the
south of the country. The mountainous region towards the
northwest of the country, bordering Malawi, moderate the
high temperatures usually found at these latitudes, whereas
the deep wide valleys of the Zambezi and Limpopo rivers
are regions of lower topography (see Figure 1.1). Generally
temperatures are warmer near the coast (and the warm
offshore ocean current) and cooler inland at higher altitudes.

Rainfall mostly falls in the summer warm season (November
— April), especially when the Inter Tropical Convergence Zone
(ITCZ) is in its most southerly position over the northern parts
of the country. Over southern regions low intensity rainfall
can also fall during the autumn, winter and spring seasons
and may be associated with ridging anticyclones which bring
moisture from the south. Rainfall is also influenced by local
variations in altitude, with higher regions often experiencing
more rainfall. Heaviest rainfalls are however associated

with the passage of tropical cyclones which emanate from
the tropical Indian Ocean and pass along the Mozambique
channel usually from north to south, and can result in heavy
floods such as those experienced in 2000.

Inter-annual variability of the climate of Mozambique is often
associated with large scale global patterns of change such as
the EI-Nifio Southern Oscillation (ENSO), the negative phase
of which (EI-Nifio) usually results in drier conditions. Even

S0, Sea Surface Temperatures (SST) in the Indian Ocean
(which sometimes are associated with EI-Nifio) exert a strong
influence on the climate of Mozambique. Whilst warm SSTs
in the Indian Ocean can lead to drier conditions inland (due
to the offshore displacement of dominant rainfall producing
systems), over coastal regions high SSTs in the Mozambique
channel may increase humidity and rainfall.

This report details changes observed in the seasonal climate
of Mozambique during the 1960-2005 period and presents
downscaled future scenarios of climate over Mozambique,
focusing on the mid-century (2046-2065) and late-century
(2080-2100) periods. As such it provides additional
information to that provided in other sources. These
scenarios were used as a basis for this report, as well as

the flood and crop-suitability modelling undertaken as other
components of this project. Whilst the results of the flood and
crop-suitability modeling are presented elsewhere, details

of the data production and enabling process is presented
here as it involved significant time and resources. However,
the main purpose of this report is to understand how the
climate of Mozambique may already be changing and how it
may be expected to change in the future. It therefore serves
as necessary background and context for the other studies
undertaken as part of this project.
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1.1b Past Trends in Mozambican climate

General Climate

Mozambique is located on the eastern coast of southern
Africa between 10°S and 26°S, 30°E and 40°E. The climate
is mostly tropical, characterized by two seasons; a cool and
dry season from May to September and a hot and humid
season between October and April. The rainfall distribution in
the country follows a east-west gradient, with more abundant
rainfall along the coast, where the annual average varies
between 800 and 1200mm, reaching as high as 1500mm

on the coastal areas of Beira and Quelimane. The inland
high altitude areas in the north and central regions receive
approximately 1000mm, whereas the inland central and
south areas receive about 600mm of rainfall (Table 1). The
South of Mozambique is generally drier, more so inland

than towards the coast, with an average rainfall lower than
800mm, decreasing to as low as 300mm in Pafuri District,
Gaza province (INAM, 2009).

Mozambique’s coastal regions are in the path of highly
destructive tropical cyclones that occur during the wet season,
and which are often associated with heavy rainfall events

that may contribute a significant proportion of annual rainfall

in a very short period. Considering the 1980-2007 period the
number of landfalling cyclones in Mozambique was fifteen
(15), eight (8) of which made landfall in the central districts

of the country while 4 and 3 made landfall respectively in the
northern and southern regions. This clearly indicates that the
central districts of Mozambique are more vulnerable to tropical
cyclones than the northern and southern regions. On the other
hand heavy rainfall associated with these cyclones at landfall
may cause flooding that can impact several activities, damage
to road and rail infrastructure. Rainfall totals in excess of 100-
200mm are common with tropical cyclones that move over
land. In March 2008, intense tropical cyclone Jokwe moved
over northern Mozambique and its radial cloud bands with
their high rainfall intensity caused rainfall in excess of 200mm
in Nampula (some 150km inland). Other examples of wettest
cyclones are found during TC Eline in 2000 (~500 mm), TC
Delfina in 2003 (~281 mm), TC Japhet in 2003 (~190 mm)
among others (Mavume et al., 2008).

Inter-annual variability in wet-season rainfall in Mozambique
is very high, particularly in the central and southern regions,
often with negative effects on rainfed agriculture. The most
well documented cause of this variability is the EI Nifio
Southern Oscillation (ENSO) which causes warmer and
drier than average conditions in the wet season of Eastern
Southern Africa in its warm phase (El Nifio) and relatively
cold and wet conditions in its cold phase (La Nifia). The usual
Tahiti minus Darwin sea level pressure (SLP) difference is
used for Southern Oscillation Index (SOI). Negative SOl is
correlated with El Nifio events and the positive SOl with La
Nifia events. Evidence of an association between ENSO and
rainfall in southern Africa has been documented in many
studies (Miron and Tyson, 1984; Lindesay 1988, Rocha and
Simmonds, 1997; Richard et al, 2000; Reason et al., 2000;
Reason and Jagadheesha, 2005).

Monthly Total Precipitation (mm)

North Central South Coastal

Inland & high Coastal Inland Inland high Coastal Inland Coastal

altitude north north central altitude central central south south
Jan 239 154 167 221 249 123 151 184
Feb 215 166 150 237 266 121 140 186
Mar 214 219 84 150 245 81 118 177
Apr 91 101 19 56 137 40 71 98
May 28 38 6 22 72 27 63 62
Jun 3 25 3 13 52 16 41 42
Jul 3 13 3 20 68 15 42 46
Aug 1 8 1 18 35 16 27 26
Sep 9 1 20 23 24 37 27
Oct 22 8 15 47 41 45 48 39
Nov 89 33 48 89 92 73 86 79

Dec 202 110 137 199 213 98 124 151

Table 1.1: Baseline climatological values of monthly total precipitation (mm) for Mozambique
Source: Adapted from the online database of Mozambican National Meteorological Institute.
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The influence of ENSO (as measured by the SOI) on late
summer rainfall (JFM) has been found to be important

in southern Africa (Rocha and Simmonds, 1997). The
association is such that during the EI Nino low phase of the
Oscillation the cloud-band convergence zone moves offshore
and with it the highest rainfalls. During the high phase cloud
bands locate preferentially over southern Africa and rainfall

is higher (Tyson and Preston-Whyte, 2000). The severe
droughts of 1982-83 and 1991-92, which spread famine
across the southern and central Mozambique including

most of the southern Africa region was related with strong

El Nino events. This relationship between ENSO and late
summer rainfall can explain about 20% of rainfall inter-annual
variability (Lindesay and Vogel, 1990).

Country-wide temperatures are warmest near the coast,
compared with colder temperatures inland at higher
elevations (Table 1.2). Typical average temperatures

in these coastal parts of the country are 25-27°C in the
summer and 20-23°C in winter. The inland and higher
altitude northern regions of Mozambique experience cooler
average temperatures of approximately 20-22°C in the
summer, and 15-20°C in winter (INAM, 2009). The central
region experience averages temperatures between 25-27°C
in summer with exceptional high values reaching 29°C in
Tete province. In winter the average temperatures of this
region range from 22-25°C. The average temperatures

in south region are 24-26°C in summer and 20-22°C in
winter. The following table gives more details of the average
temperatures values for different regions.

Monthly Minimum Average Temperatures (°C)

North
Inland & high
altitude north

Inland
central

Coastal
north

Central
Inland high
altitude central

South Coastal
Coastal

south

Inland
south

Coastal
central

Jan 15 23 24 20 24 22 22 23
Feb 16 23 24 20 24 22 22 23
Mar 15 23 24 19 23 21 22 22
Apr 14 22 22 17 21 18 19 21
May 1 20 18 14 18 15 17 18
Jun 9 18 19 12 16 13 14 16
Jul 8 18 17 12 16 13 14 15
Aug 10 18 18 13 16 14 15 16
Sep 12 20 21 15 18 16 17 18
Oct 13 22 23 17 20 18 19 20
Nov 15 23 24 18 22 19 20 21
Dec 16 24 24 19 23 21 21 22

Monthly Maximum Average Temperatures (°

North
Inland & high
altitude north

Inland
central

Coastal
north

Central
Inland high
altitude central

South
Coastal
south

Coastal
Inland
south

Coastal
central

Jan 26 31 34 29 32 33 31 31
Feb 27 31 34 28 32 32 31 31
Mar 26 31 33 28 31 31 30 30
Apr 25 30 33 26 30 30 29 29
May 24 29 30 25 28 28 27 28
Jun 23 28 29 23 27 26 25 26
Jul 22 27 29 23 26 26 25 26
Aug 24 27 30 24 27 27 26 26
Sep 27 28 35 27 29 29 27 28
Oct 29 29 36 28 30 30 28 29
Nov 30 30 35 29 31 31 29 30
Dec 28 31 34 29 32 32 30 31

Table 1.2: Baseline climatological values of monthly minimum and maximum averages temperatures for Mozambique.
Source: Adapted from the online database of Mozambican National Meteorological Institute.
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Mean Climate and Observed Variability

Daily observed meteorological data for a period of forty

six years (1960-2006), from twenty seven meteorological
stations around Mozambique were used to set the baseline
climate scenario. More information about station codes and
location will be given in the next chapters. The data consisted
of daily minimum and maximum air temperatures and

rainfall. The data were supplied by the Mozambican National
Meteorological Institute (INAM) as part of an agreement

with the National Institute of Disaster Management (INGC).
This study required a regional perspective for analysis of the
different components; therefore the climatological information
will be given for four geographical areas; North, Centre,
South and Coastal as shown in Table 1.3.

Region Provinces

North Cabo Delgado, Nampula and Niassa

Central Manica, Sofala, Tete, and Zambezia

South Gaza, Inhambane and Maputo

Coastal Maputo, Gaza, Inhambane, Sofala, Zambezia, Nampula e

Cabo Delgado

Table 1.3: Regions and related provinces used in this study

Rainfall variability

Rainfall seasonal variation

Most of the rainfalls in Mozambique occur during the
Southern Hemisphere summer, from October to April. Two
seasons are usually distinguished early summer (October
to December) and late summer season (January to March).
During the rainy season, the highest values in amount of
rainfall occur in January, February and March (Figure 1.1),
corresponding about 45% of the total annual rainfall. Such
precipitation is generally caused by migration and activity of
the Inter-tropical Convergence Zone (ITCZ).

In north region typical values of monthly average rainfall are
20-200 mm/month in wet season and 5-30 mm/month in dry
season. The central has approximately 30-200 mm/month
for wet period and 20-40 mm/month in dry period. The south
has the lowest recorded values of about 40-130 mm/month
in wet season and 20-40 mm/month in the dry season. It

is important to note that the dry season has relatively high
rainfall values compared to the previous two regions due to
the influence of active cold fronts in winter, which contribute
to the rainfall in this region. The coastal region has significant
rainfall of about 40—200 mm/month in wet season and 20—60
mm/month in dry season.

Along the coastal region in central Mozambique and
inland high elevations areas of the central and north
regions exceptional values well above 200 mm/month
can be observed.
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Figure 1.1: Seasonal variation of monthly mean rainfall
in Mozambique.

Rainfall spatial variability

The following map obtained from the Mozambican
Meteorological office, illustrates the spatial distribution on
the rainfalls annual mean across the country (Figure 1.2).

It is noted that the majority of the country receives about
1000mm of rainfall per year. The rainfall amount decrease
towards the inland areas in most regions of the Zambeazi
Valley and the region south of the Save River, where the
low level of the fields does not cause relevant orographic
influence. In these regions, in most of the areas of the Tete,
Inhambane, Gaza and Maputo Provinces, as well as in parts
of northern Manica and Sofala, the climate type is sub-humid,
with a mean annual rainfall between 550 and 800mm. The
region with the lowest mean annual rainfall is the area of
Pafuri, in Gaza province with values below 400mm. Where
the orographic influence becomes larger, across the higher
outcrops in western Manica and Zambezia, northern Tete
and Niassa, the rainfall values increase reaches an annual
mean of 1300-1750mm. It should, however, be referred that
Upper Zambezia records the highest mean annual rainfall,
with values sometimes above 2000mm, in particular on the
Namuli mountains.
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Figure 1.2: Spatial distribution of the annual mean rainfalls in
Mozambique (Source INAM)
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Rainfall inter-annual variability

Figure 1.3 shows annual mean values of precipitation
observed in four different regions from 1960-2006. The
mean annual rainfall in north region is characterised by low
inter-annual variability with annual means between 800 —
1200mm per year. The central region has higher spatial
variability with the coastal provinces Sofala and Zambezia
receiving the most rainfall — exceptionally high annual values
as 1500mm can be recorded. In contrast Tete province which
is inland receives the lowest amount - approximately 600mm
per year. Southern Mozambique with an average rainfall of
approximately 800mm is characterized by high inter-annual
variability, with annual means of 400 mm (e.g. 1970) and well
above 1000mm (e.g. 1962, 1967, 1978, 1999, 2000, 2001)
being recorded in this region. Gaza province has the highest
spatial variability in south, with the coast receiving frequently
800—-1200mm of annual rainfall as recorded in Xai-Xai
station, whereas the middle inland station of Chékwé receive
about 400-800mm per year. The coastal region receive
around 800 —1200mm/year, with the central coast receiving
an exceptional values well above 1500mm. An inter-annual
variability is also evident in this region with annual means

of about 700mm (e.g. 1970, 1992, 2002) and well above
1000mm (e. g. 1967, 1978, 1999, 2000) being recorded.
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Figure 1.3: Annual observed precipitation for four different
regions: North, Central, South and coastal represented by the
four panels respectively.

Extremes of interannual climate variability can often create
stress in many aspects of human life (Rocha and Simmonds,
1997). Floods and droughts have been recognized as a
common occurrence in central and southern regions of
Mozambique respectively. These can be observed by the
rainfall deviations from the climatological average (between
1971 and 2000) for each region (Figure 1.4), which indicates
whether extreme events, such as floods and droughts,
occurred in each year and each region. In northern region

the magnitude of floods and droughts is small compared

with central, south and coastal regions. The central region is
characterized by high frequency of floods, while the south has
high frequency of droughts with extensive drought periods
during the early 80’s and late 90’s. It is important to note that
whilst droughts are more common in the south, the magnitude
of floods in this region can be very high and cause high
damages. Coastal rainfall deviations characterized by the
similar signature of the south region, may be due to high data
density in the South compared with the Centre and North.
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Figure 1.4: Rainfall deviations showing the likelihood for
occurrence of floods and droughts in the four different regions:
North, central, south and coastal.
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Figure 1.5: Seasonal variation of minimum and maximum
averages temperatures in Mozambique

Temperature variability

Temperature seasonal variability

Monthly means of minimum and maximum temperatures for
north, central, south and coastal regions are presented in
figure 5. It is noted that between May and September is the
period with lower temperatures (winter), October and April
with high temperatures (summer). In general country wide
monthly minimum average temperatures range between

18 - 22°C in summer and 14-18°C in winter. Furthermore
the northern region has the lowest recorded minimum
temperatures. Monthly maximum average temperatures
are typically between 28-32 °C in summer and 24-28°C in
winter. The central and coastal has the highest maximum
temperatures along the country.

Temperature inter-annual variability

Annual means of both minimum and maximum temperatures
from 1960 to 2006 shows significant changes in all regions,
particularly from the early 1990’s (Figure 1.6). In the North
the annual maximum average temperatures where often
below 30°C before the 90’s and constantly above 30 °C after
1990 (Figure 1.6 left). The Centre has recorded average
temperatures around 31°C before 90’s; with sharp increase
after this year. However, this increase should be taken
carefully due to very low meteorological data coverage in
central Mozambique, where the upgrade of the meteorological
network is matter of urgency. The south region has typical
annual maximum average temperatures around 31°C with a
slight increase over the period 1960-2006.

Annual mean minimum temperatures show noticeable
increase in north and south regions (Figure 1.6 right). The
sharp change beyond 1995 in the Centre should be viewed
with caution. However, it is evident that minimum average
temperatures are often around 21°C. The increase in
minimum temperature will lead to decrease on cold days. For
instance, McSweeney et al. (2008) report that the frequency
of cold days and nights have decreased significantly since
1960 in all seasons except SON. The average number of
‘cold ‘days per year has decreased by 14 (3.9% of days)
between 1960 and 2003 and the average number of ‘cold’
nights per year has decreased by 27 (7.4% of days).




Climate Change: INGC Climate Change Report

Moavi

Average Temp.

Minimum Average Temperature

Temperature(°C) North  Temperature("C) North
33 33
32 32
31 s 31

30 W@M
29

A A\
AW%PAVA#
9

60 65 70 75 80 85 90 95 00 05
Year

60 65 70 75 80 85 90 95 00 Ot
Year

Temperature(°C) Central ~ Temperature("C) Centre
33 33

32 A 32 P
TN AN N SN A~ AN
30 Y 30

29 29 v

60 65 70 75 80 85 90 95 00 05
Year

60 65 70 75 80 85 90 95 00 Ot
Year

Temperature(°C) South  Temperature(°C) South
33 33
32 32
MM~ 2 A
30 V 30 AAIAN AN
29 29

60 65 70 75 80 85 90 95 00 05
Year

60 65 70 75 80 85 90 95 00 Ot
Year

Figure 1.6: Annual mean maximum temperature (left) and annual
mean minimum temperature (right) for north, central and south

Mozambique.

Observed historical trends

Rainfall

Figure 1.3 (upper panel) shows how rainfall patterns in
northern Mozambique have tended to increase in the last
two decades. The Centre reveals unstable climate condition
where droughts and floods of variable magnitude have been
affecting the region and no clear trend can be detectable.

It is relevant to note that central Mozambique represents
the biggest area of the subdivision for this study, but it is
hampered by lack of availability of historical meteorological
data. The south was dominated by consistent long drought
periods with a sudden shift to high magnitude floods around
year 2000.

Temperature

Averages temperatures tend to increase country wide by
different magnitudes depending on the location. If these
trends are to remain in near future it seems that some
places in the North will experience floods more frequently.
The Centre requires greater monitoring for all type of natural
disasters and weather related parameters in this region
needs to be extended and improved as matter of urgency
as climate change is happening. For southern Mozambique
an integrated effort to deal with droughts and shorter wet
seasons is needed. Finally, based on possible trends where
there are uncertainties, it can be concluded that community
preparedness in disaster risk reduction should be the front
line in the next few years.




Climate Change: INGC Climate Change Report

Historical overview of natural disasters

Dr. Antonio Queface, UEM

The following sections summarizes the available

and accessible data about natural disasters affecting
Mozambique. The objective is to provide as comprehensive
a view of current disaster data to better understand their
impacts and trends in Mozambique.

Criteria for selecting databases

Setting the criteria for selecting natural disaster databases for
analysis was required but proved to be a challenging exercise
as there exists no agreed central definition for “natural
disaster”. The lack of detailed methodological information
that is publicly available raises issues of the transparency of
databases and also makes comparability difficult.

The criteria for inclusion of an event as disaster for this study
followed the current methodology of the Emergency Disasters
Data Base (EM-DAT) as follows: = 10 people killed, and/or =
100 people reported affected, and/or a declaration of a state
of emergency, and/or a call for international assistance
(http://www.em-dat.net).

The national natural disaster database for Mozambique is
compiled by event type and recorded information includes
number of people killed/affected and economic losses. There
is an effort to classify the magnitude of events when possible
or if clear methodologies thus exist.

Description of databases sources

Natural disasters types included in this analysis cover the
following: Droughts, Floods, Tropical Cyclones, Wind storms,
Epidemics and Earthquakes.

The information presented in this document is derived from a
variety of sources. Two national sources covering the period
of 1980 up to 2008 and four international sources covering
more extend period. The cumulative databases cover the
period 1956-2008.

National databases

National data was derived from the National Institute
for Disaster Management (INGC) and the FEWSNET
Mozambique.

International databases

Internet searching for disaster databases produced an
innumerate number of references thus inclusion criteria were
employed to identify references most useful to Mozambique
as follows:

Centre for Research on the Epidemiology of Disasters
(CRED): EM-DAT

The Emergency Disasters Data Base (EM-DAT) is a publicly
accessible international database collecting information

on natural and technological disasters, and is managed by
the Centre for Research on the Epidemiology of Disasters
(CRED) at the Catholic University of Louvain, Belgium. The
data can be accessed at http://www.em-dat.net.

Under the EM-DAT methodology, an event is commonly
considered a disaster when, = 10 people killed, and/or

> 100 people reported affected, and/or a declaration of a
state of emergency, and/or a call for international assistance.
Because of the ambiguity or absence of definitions in

other sources this criteria was used to compile the entire
national database.

Global Disaster Identifier Number (GLIDE)

GLIDE is a project initiated and maintained by the Asian
Disaster Reduction Center (ADRC). A GLIDE number is
generated for all disaster events. The aim is to attach the
number to all databases documenting the same disaster
thereby linking the various information sources. The GLIDE
database is available online at http://www.glidenumber.net. It is
searchable by date, disaster type, country, and GLIDE number.

British Association for Inmediate Care (BASICS)

The British Association for Immediate Care (BASICS)

is a U.K. based charity, which maintains a database of
natural and technological disasters. The database

is searchable by accessing the following URL
http://www.basedn.freeserve.co.uk/. It is also possible to
access the website via another URL on an associated
webpage: http://www.basics.org.uk/data/searchPage.php.
There is no methodology provided to suggest sources of
information or inclusion criteria.

Minich Reinsurance Company: NatCat

NatCat is a private international level disaster database
maintained by Munich Reinsurance Company. NatCat
collects information on natural disasters (excluding
technological disasters) and entries cover a period from
79AD to the present (although only major events are
recorded prior to 1980). Data can be accessed at
http://mrnathan.munichre.com
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Historical overview of past natural disasters affecting
Mozambique

The main disasters events affecting Mozambique are
weather related phenomena’s, associated with an outbreak
of epidemics. Annex |, shows the major disasters occurred
and registered in Mozambique. This information is sorted

by decade, by event and includes number of people killed,
affected and damage as economic losses. The available data
used in this study cover the period from 1956 up to 2008,
comprising 67 entries.

Country wide the most common events affecting
Mozambique are floods, epidemics and tropical cyclones.
Figure 1.7 shows that floods count for about 30%, epidemics
for 27% and 19% for tropical cyclones of natural disasters
affecting Mozambique.
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Figure 1.7: Frequency distribution of total number of natural
disasters occurred from 1956 to 2008.

One crucial question alongside the climate change issue is
whether or not the number of natural disasters is growing?
The answer to this question needs a careful analysis due

to lack of homogeneity on collected data about natural
disasters. Since the 80’s data collection methods have
improved worldwide, one can observe an increasing number
of events during the last three decades. Figure 1.8 shows a
significant increase in the number of disasters since the 80’s,
with the growing rate of floods and epidemics dominating the
last two decades of 20th and early 21st centuries.
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Figure 1.8: Historical trend of natural disasters in Mozambique
(1956 -2008).

Overview of past natural disasters by region

The historical database shows that the four events that are
the most likely to occur in Mozambique, namely: Floods,
Tropical Cyclones, Droughts and Epidemics. For a better
understanding of the level of vulnerability by region (South,
Central and North) a total number of events by disaster type
are described for different regions (Figure 1.9). It is observed
that the Centre is the most disaster prone followed by the
South, while the North is likely to have fewer disasters.

Flood events Drought Events

W South
W Central
I North

Tropical cyclone events Epedemic Events

Figure 1.9: Total number of the four common events occurred
in the different regions.

According to the database, floods are much common in

the Centre and South; tropical cyclones affect more of the
Centre and South. Droughts occur more frequently in South
and Centre of the country. Epidemics are likely to affect the
Centre and the South. However, the North is less prone
compared to other regions it is noted that tropical cyclones
and epidemics are matter of concern in this region.
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The main impacts of natural disasters

The main impacts of natural disasters are expressed by the
number of people killed, affected and damage as economic
losses. It is important to stress the lack of information and
reliability of the economic losses included in the database.
Most of the time this figure is measured by the amount of aid

Table 1.5 shows the top ten natural disasters sorted by
number of people affected, which reveal that drought
events are the number one in terms of number of people
affected. Nevertheless a single flood event in 2000 occurred
in short period (few weeks) have affected millions of

people compared to the prolonged drought of 1981/1985.

These facts need a careful consideration from the disaster
management actors, for better identification of priorities on
population assistance.

requested by the country, to cover the basics needs, after the
disaster has occurred.

Table 1.4 shows the top ten deadiest disasters occurred

in Mozambique between 1956 and 2008. It is evident that,
the long-lasting drought between 1981 and 1985 has killed
thousand of thousands of people across the central and
south Mozambique. This single event was the deadiest
disaster ever affected the country. It is important to note that
during the same period Mozambique was under a civil war
with many people displaced, limited access country wide
and deficient food production system. All these constraints
may aggravate the impact of this particular disaster. On the
other hand floods and epidemics are the most frequent killer
around the country.

N° Disaster type  Year Location Number of Killed
1 Drought 1981/1985 Maputo, Gaza, Inhambane, Manica, Sofala and Zambezia 100,000
z oo [P0 (el Merhie, Maguge s arace ase (Vabslane, Chae. g
3 Epidemic 1997/98 Maputo City, Maputo, Gaza, Inhambane, Manica, Sofala, Tete and Zambezia 619

4 Epidemic 1990 588

5 Epidemic 1992 587

6 Flood 1971 Zambezia Region 500

7 Flood 1977 Gaza 300

8 T. Cyclone 1994 Nampula, Zambezia, Manica and Sofala 240

9 Epidemic 1983 Maputo, Gaza, Inhambane, Manica, Sofala and Zambezia 189

10 T. Cyclone 1984 Maputo, Gaza, Inhambane 109

Table 1.4: Top ten natural disasters: Number of killed.

N° Disaster type  Year Location Number of Killed
1 Drought 1981/1985 Maputo, Gaza, Inhambane, Manica, Sofala and Zambezia 5,750,000
z oo Ml Ml Merhce, Magude s Maracure) ez (balne, CHONVE, s
3 Drought 1991/1992  South and Central Mozambique 3,300,000
4 Drought 1998/99 Maputo, Gaza and Inhambane 3,300,000
5 T. Cyclone 1994 Nampula, Zambezia, Manica and Sofala 2,000,000
6 Drought 1994/95 Central and South 1,500,000
7 Drought 2005/2006 Maputo, Gaza, Inhambane, Sofala, Manica, Tete and Zambezia 1,400,000
8 Drought 2002/2003  South and Central provinces 600,000
9 Flood 2001 Zambezia, Tete, Sofala, Manica and Gaza 549,326
10 Drought 2007 South and Central provinces 520,000

Table 1.5: Top ten natural disasters sorted by number of people affected.
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A general understanding of the impacts caused by all
disasters accounted in our data base can be viewed in
Table 1.6.

N° Disaster type # of Events Total Killed Total Affected

1 Drought 10 100,200 16,444,000
2 Flood 20 1,921 9,039,251
3 Tropical Cyclone 13 697 2,997,300
4 Epidemic 18 2,446 314,056

5 Windstorm 5 20 5,100

6 Earthquake 1 4 1,440

Table 1.6: Summary of the impacts of natural disasters
between1956 and 2008.

Droughts and floods are the main events affecting the
majority of the population in disaster prone areas in
Mozambique. Floods and epidemics are the most common
events followed by tropical cyclones.

The number of people killed is very high for droughts; a
single event with duration of five year (1981 to 1985), killed
about 100,000 people. If this information is presented
graphically it gives an idea that only droughts count for
deaths (Figure 1.10a), because other numbers in the same
field became insignificant.

Looking at the same results without the terrible events, if

we consider that this occurred during the civil war and the
ability to assist the population or to produce food was limited.
Therefore the number of deaths was aggravated by war.
Under these circumstances it is noted that epidemics

and floods count for more deaths due to natural disasters
(Figure 1.10b).

a) Total killed including
1981/1985 Drought

b)  Total killed Not including
1981/1985 Drought

W Drought
B Flood

& Tropical Cyclone
B Windstorm

B Earthquake
B Epidemic

Figure 1.10: Total of people killed by natural disasters from 1956
and 2008, with severe 1981/1985 drought (4a) and without this
event (4b).

Another question of concern when we look at the way
Mozambique is managing the natural disaster could be:
Are the impacts of natural disasters growing?

Given the fact that floods are the most common disaster
affecting the country, we can draw some information related
to the trends on number of people killed or affected along the
many decades of data collection.

Figure 1.11 reveals that prior to year 2000 around half a
million people where frequently affected by each flood event.
The worst case occurred in 2000 when 4.5 million people
were affected and eight hundred killed. For visualisation
purpose of the number of people killed and affected in the
same scale a log scale was applied to the y axis. The year
2000 was a significant turning point and important lesson for
disaster management related institutions. Since 2000 a lot of
effort has been made to reduce the number of victims killed
as demonstrated in Figure 1.11 .
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Figure 1.11: Number of people affected and killed by floods
along the recorded database.
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Climate change modeling and future analysis

Dr. Mark Tadross, ICT

1.3a  Global and regional climate trends

1.3b  Station data used for the climate analyses

1.3¢ Observed trends in the historical record

1.3d  Projected changes for 2046-2065 from downscaled GCMs

1.3e Changes in regional climate

1.3f  Climate change scenarios for flood and crop-suitability modelling
1.3g  Reconciling observed and expected future change

1.3h  Recommendations for further work and analyses

1.3a Global and regional climate trends

It is widely recognized that there has been a detectable

rise in global temperature during the last 40 years and

that this rise cannot be explained unless human activities

are accounted for'. However, the regional distribution of
temperature increases are not uniform and some regions
have experienced greater change than others, especially

the interior of continental regions such as southern Africa
(see Figure 1.12). This is consistent with detected increases
in annual temperatures found over southern Africa since
19002. Additionally these changes in temperature are
associated with decreases in cold extremes accompanied by
increases in hot extremes®. Furthermore, the global average
temperature indicates an increasing rate of change, such that
temperature is rising quicker during the latter half of the 20th
century (see Figure 1.12). Importantly, this increase in the
rate of change is expected to continue, potentially resulting in
more rapid changes of climate in the future.

Changes in rainfall are typically harder to detect due to its
greater variability, both in time and space. Even so, changing
rainfall patterns have been detected for many parts of the
globe, including moderate decreases in annual rainfall over
southern Africa. Where records are of sufficient length there
have been detectable increases in the number of heavy

rainfall events* and within the southern hemisphere there is
evidence for a moistening of the tropics and subtropics®. This is
consistent with regional studies over continental southern Africa
which have shown trends for an increasing length of the dry
season and increases in average rainfall intensity®. This has
important implications for the seasonality of regional rainfall and
together suggests a shorter but more intense rainfall season.

13
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Global Temperature Trends Besides changes in temperature and rainfall, other aspects of
Troposphere global change are notablel:
.  Increases in intensity and spatial extent of droughts since
the mid-1970s
» Decreases in northern hemisphere snow cover
* Increases in the duration of heat waves during the latter
half of the 20th century
 Shrinking of the arctic sea ice pack since 1978
g » Widespread shrinking of glaciers, especially mountain
0,75 10,65 0.55 045 0.3 0.25 0.15 -0.05 0,05 0.15 0.25 0.35 045 0.56 065 0.75 glaciers in the tropics
" e detade « Increases in upper-ocean (0-700m) heat content
 Increases in sea level at a rate of 1.8 mm yr* between
14.6 1961 and 2003, with a faster rate of 3.1 mm yr* between
1993 and 2003.

S 1144
r14.2
+14.0
+13.8
+13.6

There is therefore compelling evidence for climate change
at the global level, attribution to human activities, as well
as its effects on continental southern Africa. However,
understanding how global climate change may affect

(D,) ssumesadwsa) sueaw
|eqo|6 |enjoe pajelusg

Difference (°C) from 1961-1990

H13.4 R . . o .
individual countries and small regions within a country is
08 550 1880 1900 1920 1940 1960 1980 2000 192 still a matter of research and is inherently linked to issues of
Period Rate uncertainty (see Box 1). So whilst the observed global level
* Annual mean Years °C per decade changes serve to highlight that climate change is a reality
~ Smoothed series —— 25 0.1770.052 and that we have confidence in continuing and potentially
B} 5:06% decadal errorbars. == 50 0.1280.026 accelerating change, it is necessary to explore how local

—100 0.07420.018 . .
— 150 0.045%0012 climates may already be changing as well as how they are

expected to change in the future.
Figure 1.12: Distribution of global temperature trends (1979-
2005) for the surface (left) and troposphere (right) from satellite
records. Below: the average global temperature since 1850
indicating the increased rate of change during the later part of
the 20th century4.

Notes

1 IPCC (2007). Climate Change 2007: The Physical Science Basis. Contribution of Working Group | to the Fourth Assessment Report of the Intergovernmental

Panel on Climate Change. Cambridge, UK, New York, US, Cambridge University Press.
Hulme, M., R. Doherty, T. Ngara, M. New and D. Lister (2001). African Climate Change: 1900-2100. Climate Research 17(2): 145-168.

New, M., B. Hewitson, D. B. Stephenson, A.Tsiga, A. Kruger, A. Manhique, B. Gomez, C. A. S. Coelho, D. N. Masisi, E. Kululanga, E. Mbambalala, F. Adesina,
H. Saleh, J. Kanyanga, J. Adosi, L. Bulane, L. Fortunata, M. L. Mdoka and R. Lajoie (2006). Evidence of trends in daily climate extremes over southern and west
Africa. Journal of Geophysical Research 111. D14102, doi:10.1029/2005JD006289

Solomon, S., D. Qin, M. Manning, R. B. Alley, T. Berntsen, N. L. Bindoff, Z. C. A. Chidthaisong, J. M. Gregory, G. C. Hegerl, M. Heimann, B. Hewitson, B. J.
Hoskins, F. Joos, J. Jouzel, V. Kattsov, U. Lohmann, T. Matsuno, M. Molina, N. Nicholls, J. Overpeck, G. Raga, V. Ramaswamy, J. Ren, M. Rusticucci, R.
Somerville, T. F. Stocker, P. Whetton, R. A. Wood and D. Wratt (2007). Technical Summary. Climate Change 2007: The Physical Science Basis. Contribution of
Working Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. S. Solomon, D. Qin, M. Manning et al. Cambridge, UK.
New York, US, Cambridge University Press

Zhang, X., F. W. Zwiers, G. C. Hegerl, F. H. Lambert, N. P. Gillett, S. Solomon, P. A. Stott and T. Nozawa (2007). Detection of human influence on twentieth-
century precipitation trends. Nature 448: 461-465
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1.3b Station data used for the climate analyses

The data and analyses within this report show some of the
changes noted in the historical records (trends) of climate

in Mozambique and those changes projected for the

future 2046-2065 and 2080-2100 periods from a suite of

7 downscaled GCMs. Both the historical trends and future
projections were derived from daily (maximum and minimum)
temperature and rainfall measurements since 1960 from 32
synoptic weather stations within Mozambique. These data
were supplied by the Instituto Nacional de Meteorologia de
Mozambique (INAM). A list of the 32 stations, as well as their

Due to constraints requiring a minimum of 10 years of daily
data post-1979 for the statistical downscaling there were
only 30 stations with sufficient rainfall data and 27 stations
with sufficient temperature data. Therefore only the 27
stations with sufficient data for rainfall and temperature are
used in the following analyses. Those stations provided by
INAM and not meeting these criteria are highlighted in red in
Table . Given Mozambique’s land area of 784,090 km? this
provides an approximate station density of 1 station every
29,000 km?, which is much less than South Africa which has

geographical locations, is provided in Table 1.7. approximately 1,200 stations over a land area of 1,221,040

km? (approximately 1 station every 1,000 km?).

Box 1: Understanding uncertainty and risk

The issue of uncertainty is crucial to understanding past and future climatic change, especially when designing adaptation
strategies that will benefit both present and future socioeconomic situations. Uncertainty does not mean that we have no
confidence in our projections of future climate. Indeed all climate projections, including seasonal forecasts, are couched in
terms of probability of certain climate conditions appearing in the future. This is the framework within which humans often
operate, allowing an assessment of future risks, e.g. consideration of financial and investment opportunities.

To be able to assess risk, one needs to consider all sources of information. It is therefore essential that a probabilistic
framework is used to develop projections which should incorporate different sources of information. The IPCC define four
sources of uncertainty that currently limit the detail of the regional projections:

1. Natural variability. Due to the limiting factor of observations (both in time and space) we have a limited understanding
of natural variability. It is difficult to characterize this variability and the degree to which it may exacerbate or mitigate
the expected background change in climate. This variability itself may change due to anthropogenic factors, e.g.
increases in the frequency of droughts and floods;

. Future emissions. Much of future projected change, at least in terms of the magnitude of change, is dependent
on how society will change its future activity and emissions of greenhouse gases. Even so, the world is already
committed to a degree of change based on past emissions (at least another 0.6°C warming in the global mean
temperature). Human responses to managing emissions may result in a projected global mean temperature change
of between 1.5° and 5.6°C;

. Uncertainty in the science. This is complicated within Africa because current understanding of the regional dynamics
of the climate of the continent is limited. There may be aspects of the regional climate system, which could interact
with globally forced changes to either exacerbate or mitigate expected change e.g. land-use change. This could
possibly lead to rapid nonlinear change, with unforeseen and sudden increases in regional impacts;

. Downscaling — the term used to define the development of regional scale projections of change from the global
models (GCMs) used to simulate the global response of the climate system. Downscaling tools can introduce
additional uncertainty e.g. between downscaling using regional climate models and statistical techniques. Usually this
uncertainty limits the confidence in the magnitude of the projected change with the pattern and sign of change often
interpreted with greater certainty.
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The location of the 27 stations meeting the criteria for
downscaling are shown in Figure 1.13a. The stations

are spread throughout Mozambique though they have a
noticeable bias to be situated along the coast. Whilst this is
not so noticeable in the north, the southern inland regions
and to a lesser extent the central inland regions, have large
areas without station measurements. This restricts how
representative the following results can be for these inland
regions, and for this reason it was necessary to use some
station data from countries bordering Mozambique for both
the preparation of the data for crop suitability modelling (see
section 1.6.1) and the analysis of regional variations (see
section 1.5).

StationID StationName

°s) B (m)

Latitude Longitue Elevation

Figure 1.13b shows the topographical variation within
Mozambique, clearly showing the low lying coastal plain
covering much of the country in the south and central regions
(coloured green/blue). The higher mountains/plateaux inland
and to the north are also clearly visible. Comparing Figure
1.13a and b indicates that the station network used in this
anlysis misses potentially key areas such as the highland
areas in Tete province (central west) and the low lying
regions in Gaza province (southern inland). Figure 1.13c
shows the regional zoning of Mozambique according to the
Instituto de Investigacéo Agraria de Mogambique (I1AM),
which was adopted for this study and is used for the regional
analysis in section 1.5. It clearly shows that most of the
stations are located in the coastal region, especially in the
south where nearly all of the stations are in or close to the
coastal region.

Latitude Longitue Elevation

StationID ©s) (°E) (m)

StationName

CD000013 MOCIMBOADAPRAIA  -11.35 40.37 27.0 MP009005 UMBELUZI -26.05 32.38 12.0

CD000014 MONTEPUEZ -13.13 39.03 534.0 MP009010 MANHICA -25.37 32.80 35.0

CD000034 PEMBA -12.98 40.53 101.0 MP009052 CHANGALANE -26.30 32.18 100.0
GZ008007 MANJACAZE -24.72 33.88 65.0

Gz008010 MACIE -25.03 33.10 56.0

GZ008032  XAIl-XAl -25.05 33.63 4.0 NP002008 ANGOCHE -16.22 39.90 61.0

GZ008035 MANIQUENIQUE -24.73 33.53 13.0 NP002049 LUMBO -15.03 40.67 10.0

Gz008050 CHOKWE -24.52 33.00 33.0 NP002051 NAMPULA -15.10 39.28 438.0
IBO07003  INHAMBANE -23.87 35.38 14.0 NS001002 CUAMBA -14.82 36.53 606.0
1BO07004 INHARRIME -24.48 35.02 43.0 NS001003 LICHINGA -13.30 35.23 1,365.0
IBO07007  PANDA -24.05 34.72 150.0 SF006053 BEIRA/AEROPORTO -19.80 34.90 8.0

IBO07010  VILANCULOS -22.00 35.32 20.0 TT003002 TETE -16.18 33.58 149.0

MNO005015 CHIMOIO -19.12 33.47 731.0

MNO005032 MESSAMBUZI -19.50 32.92 966.0

MNO005045 SUSSUNDENGA -19.33 33.23 620.0

ZB004001 QUELIMANE -17.88 36.88 6.0

Table 1.7: INAM synoptic weather stations for which daily rainfall and temperature measurements after 1960 were acquired.
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Figure 1.13: a) Location of synoptic weather stations used in the analysis of historical trends and for downscaling the
future climate; b) Topographic map of Mozambique®; ¢) Land zoning map of Mozambique

Source: Instituto de Investigagdo Agraria de Mogambique

Quality control testing of station data

The data from each of the 27 stations underwent rigorous
quality control, including checking for unrealistic rainfall and
temperature values, as well as testing each timeseries for
homogeneity. Suspicious data were set to missing values
before proceeding with the tests for trends and using the data
to downscale the future climate scenarios (see section 1.4).

Any data collected at a weather station must undergo quality
control procedures. Such quality control procedures are
generally flexible and there are no hard and fast guidelines
as to what should be implemented. For example, complex
statistical techniques that detect discontinuities in timeseries
(usually indicating the relocation or deterioration of a sensor)
can be used with historical data. Or alternatively, some
relatively simple quality control tests can be used:
* Remove negative rainfall, or rainfall above station-specific
unrealistic values;
* Remove where maximum temperatures and less than
minimum temperatures or either are within 3 — 6 standard
deviations of the long-term mean.

In this analysis it was decided to use the following tests and

data was removed if it failed any of them:

» checking for negative rainfall;

« rainfall > 500 mm in one day;

* minimum temperatures greater than maximum
temperatures;

* minimum and maximum temperatures greater than 6
standard deviations from the long-term (full dataset)
mean value

» in-homogeneities due to changing instruments or location.

Base series and regression fit

25 1
201 AUTV VUl g I Y
15 1
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Figure 1.14: Timeseries of minimum temperature from Pebane
station. Note the gradual degradation of the recordings from
1985 to 1990.

The first 4 steps were completed before undertaking the 5th
step. The 5th test utilised software distributed by ETCCDMI ™.
Even so there were still a number of identified problems.
These mostly appear to relate to sensor degradation an
example of which is given in Figure 1.14. In this figure the
measurements deteriorate between 1985 and 1990 — if the
change was immediate and occurred only once then it could
be due to a change of sensor or location but in this case

it seems the sensor gradually degraded during the period.
Whenever changes such as those in Figure were discovered
the data was set to NA (not available or not recorded).

Notes
6 http://en.wikipedia.org/wiki/Geography_of_Mozambique
! http://cccma.seos.uvic.ca/ETCCDMI/software.shtml

o Wang, X. L., Q. H. Wen, and Y. Wu (2007) Penalized maximal t test for
detecting undocumented mean change in climate data series. J. Appl. Meteor.
Climatol., 46 (No. 6), 916-931. DOI:10.1175/JAM2504.1
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1.3¢ Observed trends in the historical record

Studies of recent historical changes in climate within
Mozambique are complicated by the significant regional
variations in climate mentioned earlier, as well as natural
variability on time scales of 10 years or longer. However,
there is clear evidence that temperatures have increased,
following the global trend and that the character of rainfall
has changed appreciably. Whilst past trends are no
guarantee of future change, especially in the context of
uncertainty (Box 1), they are the foundation from which to
assess current adaptation strategies to climate change and
how they may be appropriate given future expected change.

To assess changes in climate the suite of seasonal and
annual indices, developed under the STARDEX project,
were calculated at each of the 27 INAM stations. These
indices represent a broad range of rainfall and temperature
characteristics that capture most aspects of the climate that
are likely to be affected by climate change. They do not,
however, capture changes in seasonality associated with
changes in the start/end of the rains which is dealt with in
section 1.3.3. Average trends between 1960 and 2005 were
calculated for each index, geographically located, and then
interpolated (kriged) to a 0.5 degree grid. The suite of 57
indices for which these calculations were performed (annually
and for each of the SON: September to November; DJF:
December to February; MAM: March to May; JJA: June to
August and seasons are given in Annex 1. Given that this
represents for each of the 27 stations a set of 285 indices,
only those indices representing significant and spatially
consistent trends are presented here.

Temperature

Not surprisingly the most consistent trends were found for
indexes related to temperature; Figure 1.15 indicates trends
in mean minimum temperatures for the four seasons (DJF,
MAM, JJA and SON) whereas Figure 1.16 indicates the same
for mean maximum temperatures. Significant trends (greater
than 90 % confidence interval or p-value of less than 0.1) at
each station are indicated by a “+”/”-“, otherwise no symbol

is used.

It is clear from these figures that most stations indicate
significant increases in both mean minimum and mean
maximum temperatures. The trends from individual stations
were grouped according to the four regions defined in

The North, South, Central and Coastal areas and are shown
in Table 1.8.
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Figure 1.15: Trends in mean minimum temperature (1960-2005)
for the four seasons DJF, MAM, JJA and SON (°C year?).
“+”[”-“ indicates positive/negative trends significant at the
90% confidence level.

Highest trends were greater than 0.03°C per year resulting
in the highest average increase of 1.62°C during the

45 year period and over the central regions during JJA.
Trends are particularly high for minimum temperatures
during the late summer (MAM) and winter (JJA) periods,
especially over the central and southern regions. Maximum
temperatures indicate highest changes over the northern
regions, particularly during the early (SON) and late (MAM)
summer periods. Similar increases were also noted for the
coldest (10th percentile) and hottest (90th percentile) nights
(minimum temperatures) and days (maximum temperatures).

Spatially extensive and statistically significant increases

in the duration of the longest heat waves were also noted,
especially over the northern regions during SON (trends up
to +0.2 days year* = increase of 9 days between 1960 and
2005). It was also noted that the number of coldest nights
and coldest days has been decreasing for all regions and
all seasons (as much as 14% in MAM over central regions),
whereas the number (frequency) of hot nights and hot days
has been increasing (Table 1.19).
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Figure 1.16: Trends in mean maximum temperature (1960-

2005) for the four seasons DJF, MAM, JJA and SON (°C year-1).
“+”[”-“ indicates positive/negative trends significant at the 90%

confidence level.

Average maximum temperatures

Broadly speaking the highest increases have been in the
number of hottest nights, with annual increases greater
than 12% in the north and central regions and the highest
increase of 25% in the north during DJF. Even so the number
of hottest days has also increased significantly over the
whole of Mozambique, with the highest increases of 17%
in the north during SON. This ties in with the changes in
rainfall noted in the next section and is likely in part due to
decreases in cloud cover, rainfall and evaporation, as well as

increases in solar heating (due to less cloud cover).

Rainfall

Trends in rainfall indices were much more heterogeneous
than those for temperature. Whilst there are statistically
significant increases in some intensity related indices

at specific locations and for specific periods, the most
spatially consistent changes were found for indices related
to rainfall frequency. Figure 1.17 shows trends in mean
dry day persistence (the probability of having one dry day
following another) for the spring and autumn seasons. The
figure indicates that during these seasons over the north-

eastern regions (Cabo Delgado/Nampula) the probability of
consecutive dry days has been increasing. Consistent with

these trends increases were also noted in mean dry spell
length over these same regions. Trends in dry spell length
are greatest in SON (Figure 1.18), increasing by as much as
20 days between 1960 and 2005, and which likely reflect a
delay in the end of the dry season.

Average minimum temperatures

JJA SON LIE MAM JJA SON IE
North 0.76 1.16 0.93 1.15 1.02 0.88 0.84 0.88 0.80 0.91
Central 0.40 0.98 1.11 0.95 0.92 1.12 1.38 1.62 1.15 1.21
South 0.50 0.98 0.90 0.65 0.77 0.69 1.27 1.35 1.14 1.17
Coastal 0.74 1.01 0.82 0.91 0.84 0.52 0.65 0.62 0.61 0.67

Table 1.8: Mean changes (per region) in average maximum and minimum temperatures (°C) between 1960 and 2005 for each of the

four seasons and as an annual average.

Frequency max. temp. above 90th percentile

Frequency min. temp. above 90th percentiles

DJF MAM JIA Annual DJF MAM JIA SON Annual
North 8.29 13.82 15.11 17.29 14.08 25.20 16.46 7.84 14.01 17.04
Central 4.89 6.17 9.32 6.88 7.26 17.61 10.41 11.06 10.54 12.21
South 1.52 7.03 8.69 3.39 5.12 6.44 10.25 11.49 9.66 9.38
Coastal 5.03 8.70 9.79 7.73 7.50 11.25 8.21 3.60 7.76 8.70

Table 1.9: Mean changes (per region) in the frequency with which maximum and minumum temperatures are in the hottest 10%.

Changes are the difference (as a percentage) between the average frequency in 1960 and the average frequency in 2005.
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Figure 1.17: Trends in mean dry day persistence (1960-2005):
a) MAM; b) SON (days year-1).

Figure 1.18: Trends (1960-2005) in mean dry spell length during
SON (days year-1).

Changes in seasonal boundaries

As mentioned previously the STARDEX indices do not
present information on potential changes in seasonal
boundaries. We therefore developed indexes related to

the start, end and duration of the season, based on rainfall
as well as rainfall and potential evapotranspiration (PET;

a measure of the evaporative potential of the atmosphere
which increases as temperature increases). The rainfall only
criteria assumed the season to have started when 45mm
of rain fell in 30 days after August 1st and ended when less
than 60mm fell in 30 days. The combined rainfall and PET
criteria assumed that the start/end of the season was when
the ratio of rainfall/PET was consistently above/below 0.5
for 30 days. Two criteria for defining seasonal boundaries
were used as it is currently often the practice to use a rainfall
only criteria whereas the rainfall/PET ratio more accurately
reflects changes in moisture availability due to temperature
changes, which will likely be a significant component under
climate change. There are several methods for calculating
PET, though due to data availability we were restricted to
those approximate methods using only temperature. Both
a modified Thornthwaite and Priestley-Taylor (P-T) method
were tested with the P-T method eventually being used for
the analysis (see discussion in section 1.4).

Very few spatially extensive and significant changes were
detected in the seasonal boundaries. However, consistent
with the changes noted in dry day persistence and dry spell
length during SON there has been a trend for later starts

to the rainfall season over the northern regions (see Figure
1.19). These trends are as high as 1 day year-1 leading to
changes of up to 45 days between 1960 and 2005. Whilst
there were less obvious and consistent changes in the

end and duration of the rainfall season, a simple index of
moisture availability (rainfall - 0.5PET summed for each
day between the start and end of the season), which
approximately measures the potential rainfall-evaporation
during the season, indicates that these northern regions have
had steady increases in rainfall — 0.5PET, despite increases
in temperature/PET and later starts to the season. This
indicates that either the rainfall season has shifted later to
a period when convective rainfall is normally more intense
or there have been increases in the average intensity of
daily rainfall. Consistent with other studies3 we found non-
statistically significant positive trends in mean daily rainfall
intensity, but these were not clearly associated with the main
rainfall season. Therefore it is likely the positive trends for
moisture availability are mostly due to a shift of the rainfall
season to a wetter period.
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Figure 1.19: Trends in: a) start of the rainfall season (days
year?). Trends in some northern regions suggest that the start
of the rains fell up to 45 days later in 2005 than in 1960;

b) rainfall — 0.5PET (mm day™ year™) during the rainfall season.

Box 2: Is one GCM better than another at
projecting future change?

Whilst some GCMs are better at simulating the present
observed climate, this does not necessarily mean that
they are better at simulating future change. Evaluating
one GCM against another is also not an easy task;
whilst one GCM may better simulate monthly mean
rainfall and temperature it may not better simulate the

daily frequency or diurnal cycle of rainfall. Another
problem when trying to use a single GCM is that only
a limited number of future scenarios can be used and

this can sometimes create the impression of a narrowly
determined future, which may not fully span the range of
potential future change. It is therefore recommended that
future change is expressed either as a range of future
change or as an average statistic (e.g. median) with
some measure or recognition of the spread of possible
future states.
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1.3d Projected changes for 2046-2065 from downscaled GCMs

General Circulation models (GCMs) are the fundamental tool
used for assessing the causes of past change and projecting
change in the future. They are complex computer models,
which represent interactions between the different components
of the climate system such as the land surface, the
atmosphere and the oceans. In making projections of climate
change, several GCMs and scenarios of future emissions

of greenhouse gasses are used to predict the future (see

Box 2). This leads to a suite of possible futures, each of which
is a valid representation of what the future climate may be.
That there is a range of future possibilities is an important
concept to understand clearly as it means that we can only
suggest futures that may be more likely than others.

GCMs typically work at a spatial scale of 200-300km, with
the scales at which they have skill, i.e. at which they can
usefully project the future, typically greater. Whilst this
problem is greatest for projections of rainfall, it limits the
application of GCM projections for assessments of change at
the local scale. Therefore, the technique of ‘downscaling’ is
typically used to produce projections at a finer spatial scale.
Downscaling works because the GCMs are generally good
at projecting changes in atmospheric circulation (high and
low pressure) but do a poor job of translating that information
into changes in rainfall. The projected changes in rainfall and
temperature used in this project are therefore taken from

the statistical downscaling of 7 GCMs downscaled to each

of the station locations presented in Table 1.10. All 7 GCMs
were used in the IPCC 4th assessment report and forced
with the SRES A2 emissions scenario® (which assumes that
society will continue to use fossil fuels at a moderate growth
rate, there will be less economic integration and populations
will continue to expand). Details of the GCMs are provided

in Table 1.10. It was decided to initially concentrate on a
range of GCMs from one emissions scenario as this range

is mostly larger than the range between scenarios, certainly
until mid-century. The reason for this is that the concentration
of greenhouse gases, especially CO,, will continue to grow
under all scenarios and will largely only change towards the
middle of the 21st century®.

Originating Group(s) Country [|.D.

Canadian Centre for Climate

Modelling & Analysis Canada

CGCM3.1(T63)

Météo-France/Centre National de Recherches

oz B France CNRM-CM3
Météorologiques
CSIRO Atmospheric Research Australia CSIRO-Mk3.0
Max Planck Institute for Meteorology Germany g&HAMS/MPl_
US_Dept. of Qommerce/NOAA/Geophysmal USA GEDL-CM2.1
Fluid Dynamics Laboratory
NASA/Goddard Institute for Space Studies ~ USA GISS-ER
Institut Pierre Simon Laplace France IPSL-CM4

Table 1.10: GCMs used to downscale the projected climate for
the 1960-2000, 2046-2065 and 2080-2100 periods*’

The statistical downscaling used in this report is based on
Self Organising Maps*, the results of which have been used
by the IPCC over Africa*?, and which will be referred to as the
SOMD method*®. The following figures show the differences
in climate between the 1960-2000 and 2046-2065 periods,
as simulated by the GCMs and downscaled via the SOMD
method. Given the sparsity of stations in some regions,
especially close to the borders with other countries, we
included a range of stations from South Africa (provided by
the Water Research Commission of South Africa), Swaziland,
Zimbabwe, Zambia, Malawi and Tanzania (provided by

the World Meteorological Organisation), all as close to the
Mozambique border as was found in the relevent databases.
Details of these extra stations are provided in Annex II.

Rainfall

Figure 1.20 shows the median change in rainfall from the

7 GCMs and for the 4 seasons: DJF, MAM, JJA and SON
(changes for each individual GCM are shown in Annex IIl).
The changes are interpolated (kriged) between stations. Any
changes less than 0.1 mm day* are masked out as they are
less than the increases in evapotranspiration (see section
1.4.3). The “+"/"-“ symbol at each station location indicates if
the median absolute deviation (a robust measure of standard
deviation) of the variability from year to year increases or
decreases in the future climate. This provides an approximate
indication if seasonal rainfall variability can be expected to
increase in the future.

Notes

9 IPCC (2000) IPCC special report emissions scenarios: Special report of IPCC working group IIl. Intergovernmental panel on climate change. pp 20.

10 http://www-pcmdi.linl.gov/ipcc/model_documentation/ipcc_model_documentation.php

1 Hewitson, B. C. and R. G. Crane (2006). Consensus between GCM climate change projections with empirical downscaling: precipitation downscaling over South

Africa. International Journal of Climatology 26(10): 1315-1337.

2 Christensen, J. H., B. Hewitson, A. Busuioc, A. Chen, X. Gao, |. Held, R. Jones, R. K. Kolli, W.-T. Kwon, R. Laprise, V. M. Rueda, L. Mearns, C. G. Menéndez, J.
Raisanen, A. Rinke, A. Sarr and P. Whetton (2007). Regional Climate Projections. Climate Change 2007: The Physical Science Basis. Contribution of Working
Group | to the Fourth Assessment Report of the Intergovernmental Panel on Climate Change. S. Solomon, D. Qin, M. Manninget al. Cambridge, United Kingdom

and New York, NY, USA, Cambridge University Press

2 climate data downscaled via SOMD is available via the website http://data.csag.uct.ac.za
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SON

Figure 1.20: Median changes in future rainfall (mm day-1) from 7
GCMs. “+"/"-“ indicates whether seasonal variability is expected
to increase/decrease in the future.

Figure 1.20 suggests that rainfall can be expected to
increase over most of Mozambique during the DJF and

MAM seasons whilst these increases are often less than
approximate increases in evapotranspiration (0.1 mm day-1)
during the JJA and SON seasons. Higher increases in rainfall
are simulated towards the coast, especially during the DJF
season, with similar increases in coastal regions as well as
towards Malawi during the MAM season. Seasonal variability
both increases and decreases depending on location;

over southern coastal regions there is often an increase in
seasonal variability during all four seasons (though this is
not true for all stations); most stations suggest an increase

in variability over the whole country during JJA.

Temperature

Both minimum and maximum temperatures are projected to
increase in all seasons by all 7 GCMs. Figure 1.21 shows
the median model changes in maximum temperature
(similar plots of changes in minimum temperatures can be
found in Annex V) for each of the 4 seasons, which clearly
demonstrates that temperatures are expected to rise by
1.5-3°C by the 2046-2065 period. In all four seasons,
maximum temperatures rise more towards the interior and
less at the coast, partly due to the moderating influence of
the ocean. Similar spatial patterns are present for changes
in PET, highlighting that the interior regions will also suffer
greater evaporation changes than those regions near the
coast. It is also clear that the largest increases occur during
the SON season, before the onset of the rains over much of
the country. Changes in variability are mostly positive with
clear suggestions that variability in maximum temperatures
will decrease in the north during SON but increase over most
of the country during MAM and JJA. Changes in variability
in minimum temperatures (Annex 1V) suggest increases in
variability in the north during MAM and JJA, with increases
during SON in the south.

JJA ‘ SON

Figure 1.21: Median changes in future maximum temperature
from 7 GCMs (2046-2065 period). “+"/"-* indicates whether
seasonal variability is expected to increase/decrease in the future.

Potential evapotranspiration

As mentioned earlier the calculation of PET with data only
for temperature requires the use of approximate methods.
Both a modified Thornthwaite'* (TW) and Priestly-Taylor®
(P-T) method were tested with the TW method projecting
greater increases in PET than the P-T method. However,
given that the TW method is more appropriate for humid
climates and that the P-T method is used more widespreadly
within crop models over southern Africa, we use the P-T
method in all calculations of PET in this report, though they
may be considered conservative estimates. Even so, being
temperature-only methods both TW and P-T do not account
for potential changes in humidity and wind which would affect
PET calculations using a standard Penman-Monteith method.

Notes

4 Pereira, A. R. and W. O. Pruitt (2004). Adaptation of the Thornthwaite
scheme for estimating daily reference evapotranspiration. Agricultural Water
Management 66: 251-257.

15 http://www.civil.uwaterloo.ca/Watflood/Manual/02_03_1.htm
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Figure 1.22 shows the expected changes in PET for each
season. It is clear that similar to increases in temperature,
PET increases more inland away from the coast and that
highest increases are found during SON, particularly over
the Limpopo and Zambezi river valleys. This suggests

that evaporation will increase significantly in these regions
before the onset of the rainfall season, which, depending on
changes in rainfall, could result in decreases in soil moisture
before the main cropping season starts (this is investigated
further in the following section). Besides these high increases
in PET (which are also found during DJF in the western
regions), increases in variability are suggested in the north
during MAM and JJA, with increases in the south during DJF,
MAM and JJA.

JJA ) SON

Figure 1.22: Median changes in future potential
evapotranspiration (mm day-1) from 7 GCMs (2046-2065 period).
“+"[*-* indicates whether seasonal variability is expected to
increase/decrease in the future.

Seasonal and agro-meteorological conditions

As mentioned in section 1.3.3 the start, end and duration of
the season was calculated for the historical record, based

on both rainfall-only and rainfall/PET criteria. These same
criteria were used to calculate the projected changes in

the start/end and duration in the future climates of the 7
downscaled GCMs. Because the rainfall/PET criteria (rainfall/
PET > 0.5 marks the rainfall season boundaries) is more
robust to climate change (due to increases in evaporation)
we only show the results of these calculations which are
presented in Figure 1.23.

Figure 1.23a demonstrates that according to these criteria
the rainfall season may be expected to start earlier over most
of the country, though it is also expected to end earlier in the
south and later in the far north (Figure 1.23b). This results

in longer rainfall seasons in the north and southern regions
towards the coast, but decreases in seasonal duration over
the central regions and Zambezi valley (Figure 1.23c). Whilst
this provides an indication of these seasonal changes in the
start, end and duration of the season it should be noted that
the results are highly dependent on the calculation of PET

— here we have used the method which estimates the least
increases in PET and therefore provides the most favourable
estimates of changes in these seasonal characteristics.

The following section provides further information on these
modelled changes.

Figure 1.23: Median changes in future a) start, b) end and

c) duration of the rainfall season from 7 GCMs (2046-2065
period). “+"/”-* indicates whether interannual variability is
expected to increase/decrease in the future. Changes are given
in days with negative values indicating an earlier start/end and
reduced duration, whereas positive values indicate late start/
end and longer seasons.
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1.3e Cbanges in regional climate

Given the shifting changes in climate demonstrated for
different locations in the previous section and the need to
understand change from a more regional perspective we
calculated rainfall, minimum and maximum temperature,
PET as well as indices for the start, end and duration of the
season for the four regions identified in Figure 1.24 (“North”,
“Central”, “South” and “Coastal’). These data were taken

as the means of all stations that fell in the following latitude
bands: -15.5°S > North, -21°S < Central< -15.5°S, -21°S >
South, with the Coastal region compromising a subset of the
27 stations found only on the coast. This led to the grouping
of stations shown in Table 1.11.

As nearly all the stations in the southern region are found
towards the coast it was found that the results for the
coastal region closely resembled those for the south,
though this is clearly inconsistent with the different climate
found in the inland regions of Gaza province. Therefore to
better represent these regions in the results for the south
it was decided to add those stations from South Africa and
Zimbabwe, shown in Annex I, which lay between 21°S
and 26.2°S.
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Figure 1.24: Interannual variability for the November-April season for each of the 4 regions: a) Rainfall (mm day?);
b) Maximum temperature (°C); c) PET (mm day™) and d) Rainfall — (0.5*PET) (PMI) (mm day). Orange shading is the
GCM intermodel range, dark orange is the median of the models and the black line is the station observations.

The horizontal orange line is the mean of the 7 GCM control climate simulations.
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Region Stations

Cuamba, Lichinga, Mocimboa da Praia, Montepuez, Pemba,

North Lumbo, Nampula

Angoche, Beira Aeroporto, Chimoio, Messambuzi,

Central Quelimane, Sussengenga, Tete

Changalane, Chockwe, Inhambane, Inharrime, Macie,
South Manhica, Maniquenique, Manjacaze, Maputo Mavalane,
Panda, Umbeluzi, Vilanculos, Xai-Xai

Mocimboa da Praia, Pemba, Lumbo, Angoche, Quelimane,
Coastal Beira Aeroporto, Vilanculos, Inhambane, Inharrime, Xai-Xai,
Manhica, Maputo Mavalane

Table 1.11: Grouping of INAM stations into regions.

Changes in rainfall, temperature, PET and potential
moisture index

Figure 1.25 presents regionally averaged rainfall, maximum
temperature, PET and (Rainfall — (0.5*PET)) (taken as an
index of potential surface moisture “PMI”) for the station
observations (black line), modelled range (orange shading)
and modelled median change (dark orange line) for the
November-April season during the past (1960-2000) and

for two future periods (2046-2065) and (2080-2100). When
looking at the 1960-2000 period, the modelled range of
climates can be seen to correspond to the observed climate
(black line) providing confidence that the downscaled models
are simulating the most important aspects of Mozambique
climate (besides a detectable bias for simulating too little
rainfall in the south). Most of the noticeable trends in the
observations (black lines) are related to temperature, with
obvious increases in maximum temperatures and PET in the
central region. These changes are simulated to increase in
the future with higher increases for the 2080-2100 period than
the 2046-2065 period, consistent with the observed trends.
There are no obvious changes in mean rainfall (Figure 1.25a)
during the 1960-2000 period, though there is noticeably higher
interannual variability in the southern and central regions. In
the future periods it can be seen that the median simulated
change is close to the mean of the control climate simulations
(horizontal orange line), indicating that both negative and
positive rainfall changes are simulated. PMI (Figure 1.25d)
clearly shows that most regions have 6 month means that
are positive during the 1960-2000 period, demonstrating

that during this period there is mostly more rainfall than
evaporation (negative values indicate potentially more
evaporation than rainfall, whereas positive values indicate
potentially more rainfall than evaporation). The exception is
the south which is clearly a region that often has negative
PMI and therefore is more prone to drought. Again however,
these calculations rely on the method of calculating PET and
so are likely to be an optimistic estimate. Furthermore these
changes are shown for the November-April main rainfall
season (similar figures for the four main seasons are given in
Annex V and ignore seasonal fluctuations which change how
rainfall, temperature and PET interact at different points in the
seasonal cycle. In particular, evaporation is often greater than
rainfall in the winter and early summer period. The following
section therefore looks in closer detail at the timing of these
rainfall increases/decreases and when the water balance is
likely to be positive/negative.
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Figure 1.25: Changes in the annual cycle of a) Rainfall (mm day); b) Maximum temperature (°C); ¢) PET (mm day*) and
d) Rainfall — (0.5*PET) (PMI) (mm day) simulated by 7 GCMs for the north, central, southern and coastal regions. Green

shading indicated the range (olive line the median) for the 2046-2065 period, blue shading the range (blue line the median)
change for the 2080-2100 period.
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Figure 1.26: Frequency (1 — cumulative probability) with which
maximum daily temperature exceeds 35°C in the observations
(black line), simulated 1960-2000 (orange line), 2046-2065 (green
line) and 2080-2100 (blue line) periods, for each of the four
regions. The cumulative distributions are an amalgamation of
the downscalings from all 7 GCMs.

Thresholds and frequencies of extreme
temperatures

Given the increases in average temperature simulated for the
future climates it is expected that the frequency with which
daily maximum temperatures will exceed critical thresholds
will increase in the future. This is clearly demonstrated in
Figure 1.26 which shows for each region and period the
simulated frequency (1 minus the cumulative probability)

with which maximum daily temperature exceeds 35°C. In
each plot the observations for the region are shown as the
black line and in each case this can be seen to closely follow
the simulated control periods of the GCMs (orange line),
providing confidence that the GCM simulations are realistic
during this period. The probability/frequency with which this
critical threshold is exceeded ranges between 0.02 (for the
coastal and northern regions) and 0.07 (for the central and
southern regions). There is an approximate increase between
0.08 and 0.14 respectively during the simulated 2046-2065
period, representing an increase in the likelihood of this
extreme temperature by approximately 7%. In the far future
2080-2100 period the increase in the likelihood of attaining
this temperature is greater than 25% in all regions (as high as
33% in the central region). Given the seasonal cycle of these
changes presented in the previous section and that maximum
temperatures often occur during the September-November
period before the rains, it is to be expected that many of these
exceedance days will occur during this period in the future.
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1.3f Climate change scenarios for flood and crop-suitability modelling

The scenarios developed as part of this component of the
INGC project are not a standalone component and the
expectation was that they would be used downstream as
inputs into further impact modelling. This impact modelling
had two components: 1) crop-suitability modelling undertaken
by 1AM and 2) flood risk modeling undertaken by Ara-

Sul and another international consultant. Both of these
components had specific requests when it came to data
requirements and formats to run the flood-risk and crop-
suitability models. This aspect of the project took a long
time to work out and required a lot of consultation via emails
and telephone conversations for the author to understand
the specific requirements of the impact modellers, as well
as for the impact modellers to understand the peculiarities
of the climate science, models and data. It should be noted
that the author is not an expert in either of these models
and therefore may (accidently) misrepresent some of the
complexities. Here we provide a summary of the pertinent
points that came to light during the course of the project for
future reference when undertaking this type of work.

Crop-suitability modelling

The crop suitability modelling undertaken by IIAM utilised an
agroecological model based on principles established by the
United Nations Food and Agricultural Organisation. These
are in some ways similar to the ways in which the start and
end of the season has been defined in this report (using a
ratio of rainfall/PET of 0.5 to define the seasonal boundaries).
However, the model uses monthly mean data and uses
crop-specific coefficients and soils data to define water use
and land suitability. Whilst the end product and information is
presented in the form of GIS maps, most of the calculations
are done in excel using baseline data from 135 agromet

and synoptic stations scattered around Mozambique. This
presented a problem in that the climate change scenarios
were only for the 27 INAM stations mentioned previously.
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Figure 1.27: IIAM baseline rainfall for each month, created from the 135 IIAM stations.

Therefore the initial step was to take the INAM stations

and interpolate (using a kriging algorithm) their projected
changes in monthly mean rainfall, maximum and minimum
temperatures and PET to the locations of the 135 IIAM
stations. As the baseline data from the 135 stations wasn't
readily available, the projected changes in climate were
added to a baseline created by interpolating the INAM
observations. However, it was realised at a late stage that
this baseline data was unrealistic (largely because there
are no INAM stations in the central southern regions and so
the created baseline largely reflected the coastal stations
used to create the data). Therefore it was decided that 1AM
should digitise the baseline data for the 135 stations (shown
in Figure 1.27), which was sent to the author who then added
the climate change data to this original baseline.

Even so this still presented a logistical problem of running
the crop-suitability model with 135 stations for each of 7
downscaled GCMs (representing data for 945 stations). IIAM
indicated that this was not feasible and so it was decided to
run with only 3 GCMs representing a dry, medium and wet
model. This is a very crude approximation as each model will
only be dry, medium or wet at specific times of the seasonal
cycle and so may miss some of the major impacts. Even so
there was no real alternative and so this is how the modelling
proceeded. Finally, the last hurdle was to import all the
climate change scenarios into excel as manually importing
the data was not feasible. This was accomplished via a
routine written using the R software.
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Flood risk modelling

The flood risk modelling represents a major step forward

in the modelling of climate change impacts in southern
Africa. It was mostly feasible as it builds on much of the
work implemented by FEWS-NET within the region for flood
risk monitoring — largely a response to the 2000/1 floods in
Mozambique. Even so developing a downscaled climate
change dataset for this work was a challenge. Station data
could not be used as the flood model requires gridded data
and for larger regions e.g. the watersheds of the Limpopo
and Zambezi rivers which stretch across large parts of
southern Africa.

Eventually it was decided to try and downscale the GCMs
using the satellite based Rainfall Estimates (RFE) as the
observed training data. This satellite data is currently used by
the model for monitoring purposes. However, data available
for a long enough daily timeseries has only just become
available for use as the training data (a minimum of 10 years
of data is required). The main problem was adapting the data
and/or downscaling the code to work with the geographic
projection that the data was supplied on. To get around this
problem the flood modellers took the RFE estimates and used
them to produce daily estimates of rainfall at each sub-basin
centroid, as well as the geographic location of each sub-basin
centroid. These data were then used in the downscaling in

a similar manner to the station data, though due to the large
dataset it took 48 hours of continuous calculations to run the
downscaling. Whilst the rainfall data used for this modelling

is a different observational source than the INAM (+ other
country) station data used for the analysis in this report and
the IIAM modelling, it can be expected to produce estimates
of change that will be spatially consistent with these other
downscaled data. This stems from the fact that the same
spatial patterns in the GCM data are used to resample the
observed data in each case. There may be differences in

the magnitude of estimated changes, especially where the
satellite-based RFE data may be biased with respect to
observations on the ground, but the RFE observations have
the advantage that they are valid for spatially gridded regions.
Assumptions regarding the spatial representivity of point
measurements, such as are made when kriging the station
data, are not required for the RFE data.

The output downscaled data files were then reformatted to
the same format that the data were given as and then sent
back to the flood modellers. It was decided that the flood
modelling would undertake to use all 7 downscaled GCMs to
get a clear handle on the range of projected changes.

One important drawback of this proposed modelling approach
was that the statistical downscaling methodology is currently
based on historical observations and so is unable to project
daily rainfall intensities beyone what is currently experienced
at a particular location. It therefore underestimates the
maximum potential floods in a future climate, though it can
capture changes in the frequency of large floods. Current
research is seeking to address this issue in the near future.
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1.3g Reconciling observed and expected future change

The projected changes in rainfall and temperature for the
middle and end of the 21st century that have been presented
here are linked to physical changes in the regional climate
system, which offers a way to reconcile observed trends and
future projected change where they are different. Consistently
projected future change is a consequence of the following
physical changes:

1. Increase in temperature, which promotes convective
activity, especially during mid-late summer

2. Increase in humidity, which increases the amount of
moisture available for rainfall once it is triggered.

3. Retreat of the mid-latitude storm systems and increases
in the continental high pressure system during winter
(and potentially autumn and spring)

However, these changes in the physical system will interact
and couple in a non-linear manner and individually manifest
themselves at different periods in the future. The regional
expression of change is therefore dependent on which
mechanisms, which may compete with each other (e.g.
increases in rainfall may offset decreases in rain days), are
dominant at any particular time. Unlike the temperature signal
due to climate change, which is currently observable, the
rainfall signal (as estimated from low variability GCM data
and therefore likely a conservative estimate) is not expected
to be observable for several decades.

Reconciling these past and future changes is a difficult, yet
necessary challenge, if climate science is to better inform
those involved in planning disaster risk reduction and
adaptation activities. Where current (statistically significant)
trends are in line with projected change, and the physical
mechanism related to both is understood, planning and
adaptation related to such changes have firm grounds for
moving ahead. However, where there are observed statistically
significant trends at most stations within a given area, but
future projections (all models) either disagree on the sign

of the change or are inconsistent, then further investigation

is required as observed changes may be due to natural
variability. In the case when there are no consistently observed
significant trends, but projections suggest a change that is
physically plausible, further monitoring is necessary to detect
any such changes if and when they happen in the future.

From the data presented in this report, increases in
temperature are already apparent across Mozambique and
much of this increase has happened since 1990. Changes
in rainfall are, however, much harder to detect due to it's
spatial and temporal heterogeneity. Indeed it is possible that
multidecadal variability will dominate any climate change
signal in the rainfall record in the near future. Even so this
does not mean that human and ecological systems are not
moving beyond critical thresholds and many of the changes
noted here need to be evaluated within their specific social,
economic and/or ecological settings. A good example of
this would be cropping/farming systems which are currently
close to critical thresholds of either water availability or
seasonal duration (for growing specific crops). Increases

in temperature alone (with no significant change in rainfall)
could make the cultivation of particular crops unviable. This
may be an immediate problem facing farmers in semi-

arid regions. The projected increases in rainfall which are
simulated by the climate models in the far future and which
could offset some of these difficulties are not immediately
relevent as these beneficial changes have yet to occur.
Therefore the scenarios presented in this report are quite
possibly optimistic from this standpoint.
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1.3h Recommendations far ﬂrtber work and analyses

One obvious recommendation for future work would be to
use more downscaled GCMs to better capture the potential
range of climate changes in the future (including using data
for another scenario e.g. the B1 SRES emissions scenario).
However several other important aspects of the modelling
process, as well as the scientific limitations and application
of the data for the purposes required by INGC, present
themselves. To summarise the most pressing problems:

1. There is a lack of information regarding the vulnerability
of society to critical climate thresholds. If such thresholds
are provided then the climate information can be tailored
to be more relevant to particular sectors and impacts;

2. Use the output of a dynamical regional climate model
to better understand changes in maximum rainfall and
hence maximum floods;

3. Determining when in the future rainfall increases may
offset the negative impacts of increases in temperature.
This is unlikely to resolve itself with more climate change
modelling, therefore it is recommended that the project
look at developing scenarios of near-term climate change
based on existing trends and knowledge of how the
climate may change in the next 20 years. These should
be developed as scenarios, rather than explicitly using
GCMs to model the future climate;

4. Linked to the previous point it would be useful to identify
specific regions and sectors for more detailed analyses
and for which ‘extreme’ or ‘outlier’ scenarios of change
(not the median change) may be important.

Whilst some of these issues have been touched on during
the course of the project, much more work is needed to
adequately address the information requirements of INGC.
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Cyclone historical and baseline analysis

Dr Alberto Mavume, UEM

2.1a Introduction

2.1b Technical Assessment

2.1a Introduction

The coastal region of Mozambique is home to over half the
population of the country, with many choosing to live and to
work in its towns and villages. However, the coastal region
of Mozambique is most susceptible to the natural disasters,
which has devastating effects on the economic development
of the country as a whole. Recent examples include the
floods of the year 2000 and the impact of Tropical Cyclones
(TC) Eline and Hudah. This led to damage to infrastructure
and services amounting to 12% of the GDP of Mozambique,
Stern (2006). These events have set back the economic
development of the country by several years.

Tropical cyclones, storms and depressions are an ever
present feature of the summer season in the South West
Indian Ocean and the Mozambique Channel. In the period,
1980-2007, 56 cyclones were tracked by satellite to have
entered the Mozambique Channel. This is an average of two
cyclones per year for this period, Mavume (2008). Only 16 of
the 56 cyclones made landfall on the coast of Mozambique,
and moved inland. Of these 16, 3 made landfall in the North,
9 made landfall in the Centre and 4 made landfall in the
South. The more intense cyclones were accompanied by
extreme weather with widespread rain, leading to major
flooding and damage to infrastructure along the rivers and
the coast.

Much of the coastline of Mozambique is soft, comprising

of muddy river sediments and sand, backed by land with
low relief and extensive low-lying coastal plains. This

is particularly true of the central provinces, which are
characterized by major rivers, such as the Zambezi, Save,
Buzi and Pungoe, draining the continental interior, and prone
to flooding on an annual basis. The coastline has a series of
estuaries and deltas, which shift in response to the frequent
floods and deposits of large amounts of sediment. Coastal
erosion is a problem along the dynamic coastline. People,
infrastructure and services in harbour cities such as Beira
are in constant need of protection (MICOA ,1998).

Map 2.1 illustrates the extent of the 20m contour along the
coast of Africa, where large estuaries and deltas form low
lying land. The map illustrates the extent of Mozambique'’s
vunerablity to climate change along its coasts, one of the
highest in Africa.

The risk of disaster is high when the chance of occurrence

of a hazard is high, when the vulnerability to damage from
that hazard is high and when the capacity to cope with

the consequences of the occurrence is low, Benessene
(2008). This is applicable with respect to disasters arising
from tropical cyclones along the coast of Mozambique. The
c@e of a tropical cyclone is high, with landfall likely on a

v able coastline. The capacity of the country to cope with
such an occurrence was certainly low in the year 2000. It
also demonstrates the value of Disaster Risk Management.
The lessons learnt from the year 2000, and incorporated into
Disaster Risk Management Action Plans by the INGC, have
meant that the country is in a better state of readiness to
withstand the onslaught of a severe tropical cyclone. Thus

t pact of the Category 4 TC Favio (mean wind speeds in
extess of 59m/sec) in February 2007 was not as great as for
the tropical cyclones of 2000. This was due in part to features
of the Action Plan, such as the development of an early
warning system, disaster preparedness and communication
to local communities, (Benessene, 2008). As extreme
weather events continue to hit Mozambique, the Government
of Mozambique will increasingly face decisions about how to
manage people at risk and on the move due to environmental
factors, Forced Migration Review 31 (2008).
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Legend
M Areas below 20m
— Coastline

Map 2.1: Mozambique is recognized as one of the countries

of Africa that are most vulnerable to climate change along its
coasts. The red areas illustrate the extent of the 20m contour
along the coast of Africa, where large estuaries and deltas form
low lying land.

The continued effectiveness of Disaster Risk Management in
the future will depend upon the response to the challenges of
climate change.

How will climate change impact on the risks currently
facing the coastal provinces of Mozambique?

Given the breakdown of disaster risk into hazard, vulnerability
and coping capacity, and the recognition of the continuing
danger posed by tropical cyclones, the key questions which
arise are:

» Will climate change intensify the tropical cyclones that form
the key hazard along the coast of Mozambique?

» Will climate change, through the expected consequence of
sea level rise, increase the vulnerability of the coastline to
tropical cyclones to any appreciable extent?

» What impacts from climate change are to be expected, and
what measures should be taken to minimize the risks and
economic losses?

The detailed knowledge arising from the investigations

into these key questions will form the response to climate
change for Disaster Risk Management in the coastal regions
of Mozambique. The insights will then need to be properly
incorporated into the relevant Action Plans.
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2.1b Technical Assessment

Tropical Cyclones

Underlying Rationale
During 2005 two highly publicized scientific papers appeared
documenting evidence from the observational records for an
increase in tropical cyclone activity.

IWTC-6, San José, Costa Rica, November 2006

Evidence for a substantial increase in power of tropical
cyclones (denoted by the integral of cube of the maximum
winds over time) for the West Pacific and Atlantic basins
during the last 50 years were documented.

Emanuel (2005)

This result is supported by findings showing that there has
been a substantial global increase (nearly 100%) in the
proportion of the most severe tropical cyclones (Category
4 and 5 on the Saffir-Simpson scale), from the period from
1975 to 2004, which has been accompanied by a similar
decrease in weaker systems.

Webster et al. (2005)

A number of authors attribute the reported increase as being
due primarily to data reliability issues, in that the strong
tropical cyclones are more accurately monitored in recent
years. Numerous tropical cyclones may have been missed
and not counted even in the Atlantic basins, especially prior
to 1910.

Landsea et al. (2006)

Other authors extended the analysis of Webster et al., for
the Northwest Pacific basin back to earlier years and argued
that the trend in that basin is part of a large inter-decadal
variation, similarly to what have been occurring for the
Atlantic basin.

Golthenberg et al. (2001)

The scientific debate concerning the Webster et al. and
Emanuel papers is not as to whether global warming can
cause a trend in tropical cyclkone intensities. The more
relevant question is how large a chang: a relatively small
one several decades into the future or large changes
occurring today?

IWTC-6, San José, Costa Rica, November 2006

Tropical cyclones, hurricanes or typhoons; all are common
names, used to describe the same natural phenomena — one
of the most deadly, costly, and destructive weather systems
on the Earth (Gill, 1982). Intensive tropical cyclones produce
destructive winds, coastal storm surges, torrential rains and
severe floods, usually resulting in serious property damage
and loss of human lives. Hurricane Andrew’s strike on
Florida during August of 1992 caused in excess of $30 billion
in direct economic losses, while Hurricane Floyd in 1999
disrupted the lives of 2.5 million of its residents who had to be
evacuated (Elsener and Jagger, 2006). On the other hand,
tropical cyclones may also have positive impacts. Rainfall, if
not torrential, in connection with a cyclone is often regarded
as a positive effect (Sugg, 1968). Another positive impact
has been proposed by Imberger et al. (1979). Imberger et

al. have suggested that cyclones, which affect the waters
northwest of Australia on average four times per year, induce
upwelling and mixing and thus bring additional nutrients to
otherwise nutrient poor surface waters.

Mozambique has a coastline of about 2,700 km. More than
60% of its population lives in coastal areas, which in many
places consist of lowlands with sandy beaches, estuaries and
mangroves. Survival and everyday life in these areas depend
to a large extent on local resources, such as farming and
fishing, whilst the infrastructure is weak or even non-existent.
In summary, the conditions mean a high vulnerability of

both people and landscape to tropical cyclones. Accurate
predictions and forecasts of tracks and intensities of tropical
cyclones are therefore highly important issues. Knowledge
on cyclone behaviour, including areas of landfall and possible
future changes are needed to undertake countermeasures
such as evacuation of densely populated areas under threat,
but also in the long run, for proper land use, for hazard
mitigation, for insurance reasons, and in order to build up
efficient warning systems.

es [in 2000 by TC Eline and TC Hudah, in 2003 by
TC Japhet, in 2007 by TC Favio and TC Jokwe in 2008],
all of which stand as vivid examples of the large social and
economic consequences they bring about. In Mozambique,
for example, floods in the wake of TC Eline caused
approximately 2 million people to be displaced or otherwise
severely affected. About 600 people died. The estimated cost
of the Mozambique floods in the year 2000 stood at more
than US$167 million in terms of emergency aid funds and in
immediate activities in order to rehabilitate the infrastructure
and relocate displaced persons (IPCC, 2001).

SC;%JZOOO Mozambique has been hit by five intense tropical
G

What are the present day impacts of tropical cyclones
along the coast of Mozambique?
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Saffir-Simpson Scale

Maximum Wind Speed

Storm Surge Damage Level

Hurricane Classification [knots:mph:km/h]

Tropical Depression < 34:<39:<61

[metres : feet]

Not Applicable None or Minimal

Tropical Storm 34-63 :39-73: 61-117 Not Applicable Minimal
Category 1: Cyclone 64-82 : 74-95 : 118-153 1.0-17:4-5 Minimal
Category 2: Cyclone 83-95:96-110 : 154-177 18-26:6-8 Moderate
Category 3: Major Cyclone 96-113 : 111-130 : 178-209 27-38:9-12 Extensive
Category 4: Major Cyclone 114-135: 131-155 :210-248 39-56:13-18 Extreme
Category 5: Major /Super Cyclone > 135: > 155: > 248 >56:>18 Catastrophic

Table 2.1 :The Saffir-Simpson Scale for Hurricane Classification.

The South Western Indian Ocean is an area which is a
genesis region for tropical storms which occasionally develop
into tropical cyclones. Some of these intense weather
systems enter the Mozambique Channel and make landfall
on the coast of Mozambique. Since 1980, these storms
have been observed by satellite, and their movements and
life histories carefully monitored and comparative statistics
assembled. The Saffir-Simpson scale (Table 12) is used

to characterize the intensity of tropical storms and tropical
cyclones in terms of their maximum wind speed, associated
storm and damage level.

Table 2.1 characterizes the intensity on the Saffir-Simpson
scale and month of occurrence during the cyclone season of
the tropical storms and cyclones entering the Mozambique
Channel. During the period 1980-2007, 56 tropical storms
and cyclones entered the Mozambique Channel.

TS Catl Cat2 Cat3 Cat4 Cats
Nov 2 0 0 0 0 0
Dec 4 1 0 0 2 0
Jan 9 6 0 2 1 0
Feb 8 2 4 0 2 0
Mar 3 3 2 0 0 0
Apr 1 1 1 1 1 0

Table 2.2: Numbers of occurrence of tropical storms and
cyclones in the Mozambique Channel, by Saffir-Simpson Scale
and by month during the period 1980-2007.

Most weather systems in the Mozambique Channel remain
undeveloped as tropical storms or low category cyclones,
with the cyclone season covering the summer months
between November and April. The strongest tropical cyclones

experienced in the Mozambique Channel reached Category 4

on the Saffir-Simpson scale.

Figure 2.1 the exceedance diagram, shows the return
period, plotted on a logarithmic scale, for the tropical storms
(designated as Category 0) and the tropical cyclones of
Categories 1-4, which were observed in the Mozambique
Channel for the period 1980-2007.

[y
o

=

Return Period in Years

0.1

0 1 2 3 4 5
Exceedance Category

Figure 2.1: Exceedance Categories for Cyclones in the
Mozambique Channel.

For storms and cyclones of Category 0 or above, the
expected return period was 0.5 years, or the equivalent of
twice per year for storms and cyclones of all categories.
Tropical cyclones of Category 1 or above would occur every
year, while Category 3 or above tropical cyclones would
occur every three years. The slightly concave, downward
shape to the curve in this exceedance diagram means that, in
these observed cyclones for this period, there is a tendency
for the more intense Category 4 cyclones to occur rather
more frequently than would be expected on the basis of the
log-linear law of extreme value analysis.
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The damage caused by tropical cyclones depends to a large
extent on whether they make landfall and when storm surge,
high winds, and heavy rainfall combined with high waves
cause severe impacts. However, high waves from near or
remote tropical cyclones which don’'t make landfall, but reach
hurricane strength and then track southward along the coast
as they weaken are likely to cause severe coastal erosion

and significant economic impacts. TC Boloestes is a good
example that occurred in the 2005-2006 SWIO season. TC
Boloetse crossed the island of Madagascar as a tropical
storm in late January 2006 with moderately strong rains. The
storm intensity declined to a tropical-depression as it crossed
the mountainous ridgeline that runs along the eastern shore
of Madagascar. However, once the storm system reached

the warm waters of the Mozambique Channel, the tropical
depression reorganized and built up enough strength to
become a tropical cyclone. The cyclone had sustained winds
of around 165km/hr, classifying it as a Category 2. Although it
seemed inevitable that it would hit the coast north of Beira, the
system experienced a sudden southward track direction. There
was no significant wind damage on the Mozambique coast, but
significant wave heights of 2-3m associated with the cyclone
were reported to cause considerable coastal erosion.

Of the 56 tropical cyclones and tropical storms in the
Mozambique Channel in the period 1980 to 2008 only 16,

a quarter of the total number, made landfall (Tables 2.3 and
2.4) on the coast of Mozambique. Five of these made landfall
in the North, 8 in the Centre and 3 in the South. Of greater
concern has been the increase in the frequency of these
storms as only 4 occurred in the period 1980 to 1993, whilst
the other 12 occurred in the period of fourteen years from
1994 to 2007. The intensity upon landfall of the cyclones
occurring in the second period also increased. Tables 2.4a
and 2.4b show the comparative details.

1984  (TS) Domoina South 28Jan TS 102 km/h
1986 (TS) Central 9 Jan TS 83 km/h
1988 (Cat 2) Filao Central 2 March Cat1l 121 km/h
1988 (TS) North 25Nov TS 74 km/h

Table 2.3: Tropical cyclones of Categories 1-4, storms (TS), and
depressions (TD) making landfall on the coast of Mozambique in
the period 1980-1993.

1994  (Cat 4) Nadia North 24 March Cat 1 139 km/h
1995 (TS) Fodah Central 22Jan TD 37 km/h
1996 (Cat 4) Bonita Central 14 Jan Catl 130 km/h
1997  (Cat 1) Lisette Central 2 March TS 111 km/h
1998 (TS) North 17Jan  TD 56 km/h
2000 (Cat4) Eline Central 22Feb Cat4 213 km/h
2000 (Cat 4) Hudah Central 8 April Catl 148 km/h
2003  (Cat 4) Japhet South 2 March Cat2 167 km/h
2003 (TS)Atang North 13Nov TD 46 km/h
2004  (TS) Delfina Central 1Jan TS 93 km/h
2007  (Cat 4) Favio South 22Feb Cat3 185 km/h
2008  (Cat 4) Jokwe North 08 Mar Cat3 180 km/h

Table 2.4: Tropical cyclones of Categories 1-4, storms (TS), and
depressions (TD) making landfall on the coast of Mozambique in
the period 1994-2008.

Figure 2.2 shows TC Eline moving into the interior on 23 Feb
2000, the strongest tropical cyclone to make landfall on the
coast of Mozambique in recent years.

Figure 2.2: Satellite image of TC Eline prior landfall on the 21 nd
February 2000.

On landfall TC Eline was still classified as Category 4 on
the Saffir-Simpson scale, with wind speeds in excess of 114
knots (131mph or 210 km/h) and an accompanying storm
surge likely to have been in excess of 4m in height. The
damage caused by TC Eline was extreme and estimated to
be in excess of 12% of the GDP of Mozambique.
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Will climate change intensify the tropical cyclones?

The prevalence of tropical cyclones in the South Western
Indian Ocean is thought to be due to their association with
the high sea surface temperatures in summer that provide
the heat to drive the formation and development of the
cyclones. This is borne out by the following figures showing
the cyclone trajectories of the South Western Indian Ocean
during the cyclone season of the period 1980-2007.

Figure 2.3 shows the genesis locations of the tropical
cyclones and their association with a sea surface
temperature greater than a threshold of 28°C. It is worth
noting that the tropical cyclones of the Mozambique Channel
can have their genesis in the warm waters of the northern
Mozambique Channel, or cross Madagascar from the South
Western Indian Ocean. In the latter case, the cyclones will
have weakened in their passage across Madagascar, but can
intensify markedly as they cross the Mozambique Channel. In
March, the sea surface temperature threshold reaches so far
south as to encompass the entire Mozambique Channel.

Figure 2.3: Tropical cyclones trajectories for the months of November—April (1980-2007).TC genesis locations are indicated as
circles. TMI monthly mean SST (1998-2005) highlights two isotherms. The lower isotherm, 26.5°C is the typical SST cut-off in
cyclone formation as suggested by Palmén (1948). The upper isotherm 28°C is the proposed threshold value for the South-West

Indian Ocean under the current investigation.
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The proposed direct link between climate change and
cyclone intensification is through the wider geographic
spread of this threshold of warmer sea surface temperature
as global warming begins to make its impact. There is
already some evidence of this in the cyclone statistics, from
the Mozambique Channel between 1980 and 2007. Dividing
these statistics into the early and late years of the period,
demonstrates the differences in occurrence, particularly of
the more intense cyclones.

Period TS Cat1-2Cat3 Cat4 Cat5 ITC TC All
1980-1993 15 8 0 2 0 2 10 25
1994-2007 12 12 3 4 0 7 19 31

Table 2.5: Number of cyclones in the Mozambique Channel,
separated by category for the periods 1980-93 and 1994-07,
respectively. ITC = Category 3-5.

However, the numbers of cyclones are too small to draw any
significant conclusions regarding trends. Rather than being
due to climate change, these differences may just be due to
natural variability. A longer record of observation is needed
before any definitive conclusions can be drawn about trends
in the occurrence of intense cyclones. The record has to be
long enough for the natural variability to be averaged out and
the trend due to climate change revealed.

An alternative approach is to use climate modeling to try

to identify future trends in the characteristics of tropical
cyclones. Various climate models can be used in the
simulation, and different emission scenarios may be adopted.
Again, the results of the simulation will contain inherent
variability from the forcing of the changing scenarios, and
comparisons are only really possible after the scenarios have
had time to settle down, which may well take many decades.
Thus these model studies provide ultimate outcomes rather
than projections into the near future.

Global climate models have been used to directly simulate
cyclone patterns into the future, even though they may not
possess sufficient horizontal resolution to simulate the inner
core of intense cyclones. While there is a wide variation

in the results of these studies, there is a tendency toward
decreasing frequency of tropical cyclones, but an increase in
their intensity and associated precipitation, as in the study by
Bengtsson et al. (2007), comparing the situations at the ends
of the 20th and the 21st century.

Emanual et al. (2008) describe a technique for downscaling
tropical cyclone climatologies from global analyses and
models, which aims to avoid the resolution issue. Simulated
storms driven by re-analysis of data between 1980 and 2006
concur with the data on observed storms, including their
spatial variability and temporal variability on time scales from
seasons to decades. The technique is then applied to the
output of seven global climate models run in support of the
most recent IPCC AR4 report. 2,000 tropical cyclones in each
of the 5 ocean basins were simulated using global model
data from the last 20 years of the 20th century, and the 22nd
century as simulated by assuming IPCC emission scenario
Alb. The results for the Indian Ocean show that there is
again an overall tendency toward decreasing frequency

of tropical cyclones, consistent with the direct simulations
using global climate models, and a general increase in storm
intensity increase, as expected from theory and prior work
with regional tropical cyclone models.

Thus both recent trends in observations and long term
modelling outcomes suggest that climate change will affect
the characteristics of tropical cyclones in the South Western
Indian Ocean in two distinct ways. Figure 2.4 shows an
exceedance diagram for return periods of tropical cyclones in
the Mozambique Channel, amended to include these future
trends. Tropical cyclones are likely to become less frequent
(as shown by the green arrows), but their intensity and
associated precipitation is likely to increase (as shown by
the red arrows). Overall, the future changes are less easy
to pin down.
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Figure 2.4: Future Trends in Cyclone Exceedance.
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Finally, the question arises as to the future impact of tropical
cyclones on the Mozambique coast in economic terms.

If tropical cyclones are to become less frequent and their
return periods become longer, their overall impact might be
decreased as the number of potential disasters will be fewer.
However, if the proportion of intense tropical cyclones is set
to increase, then the impact of individual intense tropical
cyclones will be much greater whenever they do occur. The
Saffir-Simpson Scale suggests that the impact of the high
category tropical cyclones is overwhelming, compared to the
impact of the low category cyclones. This is confirmed by the
global re-insurance industry, where the losses experienced
per individual event increase substantially with the return
period of the event. In the future, the re-insurance industry
has recognized the need to adjust the probability of tropical
cyclones making landfall on vulnerable coasts. While storm
activity is known to be subject to natural fluctuations, there
is a likely superimposed trend towards more frequent and
more intense cyclones. This will require a re-evaluation of
the storm surge and flood risk, as well as the aggravating
factors associated with mega-catastrophes, with an even
greater loading on intense cyclones. As these changes to
the risk environment become increasingly apparent, risk
carriers believe they cannot wait until science has provided
answers to all the relevant questions, but must already make
substantial adjustments to risk portfolios (Munich Re, 2006).

Storm Surges

What are the characteristics of observations of extreme
sea level events along the coast of Mozambique, and
how are they used by engineers and planners?

Much of the coastline of Mozambique is soft, comprising of
muddy river sediments and sand, backed by land with low
relief and extensive low-lying coastal plains. The Centre is
characterized by major rivers, such as the Zambezi, Save,
Buzi and Pungoe, draining the continental interior, and
prone to flooding on an annual basis, while rivers such as
the Limpopo, Incomati and Maputo enter the sea in Maputo
Bay in the South. The coastline has a series of estuaries and
deltas, which shift in response to the frequent floods and the
deposit of large amounts of sediment. Such soft coastlines
are vulnerable to coastal erosion, especially when extreme
sea level events such as tropical cyclones prevail.

It is possible to examine the root causes of this vulnerability @

through the observational record of sea level which is
available from the tide gauges maintained by the Instituto
Nacional de Hidrografia e Navigagao (INAHINA) in
Mozambique. The influence of storm surge is examined at
three harbors on the coast of Mozambique where records of
extreme sea level are available from the tide gauge records.
The extreme sea levels are given in centimetres above
mean sea level, to enable comparison with topographic
maps of elevation on land. The harbors are Maputo, Beira
and Nacala, representative of the South, Centre and North,
respectively. Port diagrams are constructed from observed
annual maximum sea levels over a ten year period, using a
logarithmic ordinate for the return period. Their stable linear
trend enables extrapolation of a return period well beyond the
observational record.
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Figure 2.5: Port diagrams from observed annual maximum sea
levels over a 10 year period.

Port lyear 10years 100years 1000years HAT

Maputo 178cm 225cm 270cm 315cm 178cm
Beira 346cm 390cm 440cm 490cm 340cm
Nacala 185cm 234cm 272cm 312cm 205cm

Table 2.6: Annual Maximum Height in centimetres above
Mean Sea Level against Return Period in years, with Highest
Astronomical Tide for comparison.

41


Usuario
Resaltado

Usuario
Nota adhesiva
It is possible to examine the root causes of this vulnerability
through the observational record of sea level which is
available from the tide gauges maintained by the Instituto
Nacional de Hidrografia e Navigação (INAHINA) in
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Each year the annual maximum sea level is expected to
approximate or even exceed the highest astronomical tide,
even though such a tide may not be predicted for that year. It
is expected that bad weather will bring a storm surge, which
will build onto the predicted tide to produce an extreme sea
level. The higher values of the annual maximum sea level
heights at Beira are principally due to the much greater tidal
range, approaching 7m between spring low and spring high
tides, in the central provinces of Mozambique. In addition, the
general contribution of storm surge to the maximum sea level
height, as measured by the difference between the annual
maximum sea level at a return period of 1,000 years and

the highest astronomical tide, also increases from Nacala to
Maputo to Beira.

To investigate the effect of tropical cyclones the record of sea
level observations along the coast of Mozambique has been
studied. The following conclusions can be drawn:

1. The effect of tropical cyclones can only be investigated
if the tide gauges are operational at the time. Damage to
the infrastructure, both observational or communications,
from the tropical cyclone may well be an issue
(Eline, 2000).

2. Only when the tropical cyclone is close enough will
there be a noticeable effect in the sea level record
(Bonita, 1996).

3. The tidal range in the Centre is so large that it can
dominate the effect of a tropical cyclone when the
cyclone occurs at the time of a neap tide. The real
danger is when the tropical cyclone coincides with a
spring tide, so that the two events combine together
to create an extreme sea level.

4. Records of sea level are often made in sheltered
locations within harbours. The effect of a tropical cyclone
may be much greater on an open coast.

The influence of TC Bonita on the sea level at Beira in the
year 2000 illustrates these points. TC Bonita added a 50cm
storm surge to the sea level record at Beira, which is lost in
the dominant tidal record.
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Figure 2.6: The influence of TC Bonita on the sea level at Beira
in the year 2000.

The estimates of extreme values to be expected at return
periods of 1, 10, 100 and 1000 years are used by coastal
engineers in their design of coastal defenses, and by coastal
planners for estimates of land areas which are at risk of
inundation. Coastal protection built at the lowest level of the
one year return period will provide minimal protection. Water
will breach the defenses and will flow landward at the time of
an extreme event with a ten year return period. If sustained
in time, such an event will flood all the land lying below the
10 year return period elevation. The 1,000 year extreme

sea level event, probably associated with a tropical cyclone
making landfall in the vicinity at a spring high tide, will overtop
the defenses and flood all land which lies at an elevation
below the level of the 1,000 year return period event. Greater
protection can be gained by building the coastal defenses
upward to the heights of the 10 year or the 100 or even the
1,000 year return periods.

The maximum sea levels at long return periods correspond
to extreme value analysis estimates of the levels of storm
surge that can be expected under present day conditions.

It should be remembered that the underlying conditions will
be influenced by climate change, through changes in the
characteristics of tropical cyclones and through sea level
rise. Amendments to the elevations expected at long return
periods, to the corresponding port diagrams, to the protection
levels, and to land areas and populations at risk, will be
needed to account for the effect of climate change.
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Sea Level Rise

Will climate change, through the expected consequence
of sea level rise, increase the vulnerability of the
coastline to tropical cyclones?

Dasgupta et al 2006, investigated the comparative impacts
on developing countries of coastal inundation due to sea
level rise (without storm surge augmentation) through the
21st century. Using such measures as land area, population,
agriculture and local economies, they noted that, of all

the regions worldwide, sub-Saharan Africa is expected to
suffer the least impact. Mozambique appears as one of the
sub-Saharan countries most affected when the sea level
rise reaches extreme levels of 4 to 5m but not at more
modest levels of 1m. The World Bank study uses existing
populations, socio-economics and land use patterns as

a basis for examining the effects of sea level rise, as if it
were to happen overnight and affect each country under
existing circumstances.

By contrast, Nicholls and Tol 2006 looked at both the impacts
and responses to sea level rise over the 21st century, and
included the effect of storm surge augmentation on sea

level rise by extending the Global Vulnerability Analysis of
Hoozemans et al (1993). They carried out a global analysis
using the Special Report on Emission Scenarios (SRES),
with the contrasting levels of economic development and
commitment to mitigation, and added adaptation strategies
dependant on relative wealth. In their comparative economic
analysis of coastal impacts globally, they emphasize that it is
the small island states and countries with extensive coastal
deltas, such as Mozambique, that will suffer the most land
loss and need to set aside the greatest proportion of their
GDP for adaptation costs. The inclusion of Mozambique
reflects its exposure to the hazard of tropical cyclones, the
vulnerability of long sections of its coastline, and its inability
to respond due to its poor economic status.

Observations of sea level globally show a statistically
significant sea level rise as part of human-induced climate
change. The underlying causes of sea level rise at present
are thought to be:

» Thermal expansion of the oceans in response
to global warming

» Continental ice melting in temperate and high
tropical regions

At present, the rate of sea level rise is slow, but it does
appear to be accelerating. What is the situation along
the coastline of Mozambique?

Any analysis of sea level rise requires careful and consistent
observations of sea level over several decades. Such records
are not really available in Mozambique nor in Africa as a
whole (Woodworth, Aman and Aarup, 2007). A relatively long
record of annual mean sea level is available for Maputo from
the Permanent Service for Mean Sea Level (PSMSL), which
applies rigorous quality checks on the original observations
supplied by INAHINA in Mozambique.

Sea level relative to land in Maputo [25°585; 32°34E] PSMSL station

7400.
7300
7200
7100
7000
6900
6800
6700

1960

Sea level (mm)

1970 1980 1990 2000 2100
Figure 2.7: Mean sea level records relative to land height in

Maputo, 1960-2002. Source: INAHINA, 2008.

The PSMSL uses a Revised Local Reference sea level rather
than the more usual Land Levelling Datum.

It can be seen that there is very little high quality data
available for portions of the period 1960-2001, and nothing in
recent years. No trend can be detected as the early section
and the end section cannot really be reconciled. To be fair it
should be pointed out that the original objective in collecting
this data was to enable effective tidal predictions to be made,
which has been achieved. With the focus of climate change
studies moving towards sea level trends, different and more
stringent quality controls have become necessary. This
requirement will test INAHINA in the future.

In order to make progress, it is necessary to turn to regional
and global studies. Church et al. (2004) identified regional
patterns of sea level rise from global tide gauge records
between 1950 and 2000. For southern Africa, they estimated
sea level rise of about 1.0 to 2.5mm per year. These rates

gree with earlier studies of observations from the west coast

f South Africa by Brundrit (1995) and recent analysis of tide
gauge records from Durban by Mather (2007). The best that
can be said is that the admittedly poor sea level record from
Maputo is not inconsistent with the two estimates of regional
trends from Church et al (2004), which are marked in red on
the sea level record from Maputo.

@urning to global records for tectonically stable areas, the

mited records from Mozambique and from southern Africa
are consistent with more refined recent global trends of sea
level rise of 1.3 to 2.3mm per year. These global rates of
sea level rise can be applied, with caution, to the coast of
Mozambique, to reflect the best available estimates of recent
trends from global observations.
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In order to make progress, it is necessary to turn to regional
and global studies. Church et al. (2004) identified regional
patterns of sea level rise from global tide gauge records
between 1950 and 2000. For southern Africa, they estimated
sea level rise of about 1.0 to 2.5mm per year. These rates
agree with earlier studies of observations from the west coast
of South Africa by Brundrit (1995) and recent analysis of tide
gauge records from Durban by Mather (2007). The best that
can be said is that the admittedly poor sea level record from
Maputo is not inconsistent with the two estimates of regional
trends from Church et al (2004), which are marked in red on
the sea level record from Maputo.
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Turning to global records for tectonically stable areas, the
limited records from Mozambique and from southern Africa
are consistent with more refined recent global trends of sea
level rise of 1.3 to 2.3mm per year. These global rates of
sea level rise can be applied, with caution, to the coast of
Mozambique, to reflect the best available estimates of recent
trends from global observations.
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The IPCC in its Fourth Assessment Report has provided
a Summary for Policy Makers within its Climate Change
Synthesis Report, IPCC-Syn (2007). In discussing
observed changes in climate and their effects, the IPCC
report the following:

“Rising sea level is consistent with warming. Global
average sea level has risen since 1961 at an average
rate of 1.8 [1.3 to 2.3] mm per year and since 1993
by 3.1 [2.4 to 3.8] mm per year”.

“Whether the faster rate for 1993 to 2003 reflects
decadal variation or an increase in the longer term
trend is uncertain”.

The observational record shows a shift in intensity, this
time in the form of an acceleration in sea level rise. Again
there is uncertainty as to whether this shift is due to climate
change or to natural variability. A long and representative
observational record of sea level has not as yet been
assembled to test whether or not the acceleration will be
sustained into the future, nor at what rate.

If the 1993 to 2003 sea level rise is sustained through the
21st century, it will result in a rise of 240mm to 380mm
over the century. With changing emissions and increased
temperatures, there is likely to be some further acceleration
of sea level rise through the links to climate change
processes. Again, it is possible to use global climate
modeling, this time to identify future trends in sea level rise.

In its projections of future changes in climate over the 21st
century, the IPCC WG1, in its Fourth Assessment Report of
February 2007 (IPCC-WG1 2007), draws on a set of models
of sea level rise for 2090-2100 relative to 1980-1999, and
predicts a rise in the range of sea level rise from 180mm

to 590mm by 2100, depending on the particular emissions
scenario used.

The low estimate reflects a scenario in which mitigation
efforts have successfully restricted sea level rise to the
levels of the last century, while the high estimate reflects the
influence of increasing ocean warming and temperate and
tropical continental ice melting.

Of particular interest are the global sea level rise scenarios
used by Nicholls and Tol (2006) for the SRES future worlds,
which reflect alternative pathways of political, economic,

technical and social development through the 21st century.

SRES A1FI A2 B1 B2
2030 80mm 80mm 80mm 80mm
2060 180mm 160mm 120mm 160mm
2090 340mm 280mm 220mm 250mm

These sea level rise scenarios provide levels at 2030, 2060
and 2090 through the 21st century which are consistent with
lower projections from the IPCC.

All the sea level rise models introduced so far exclude rapid
dynamical changes in ice flow due to continental ice melting
in the Polar Regions. This is an important reservation. The
recently documented ice melting, both at sea and on the
polar ice-caps, has led the IPCC to abandon its earlier
projections. In its Synthesis Report of November 2007,
IPCC-Syn (2007), it states that:

“because understanding of some important effects driving

sea level rise is too limited, this report does not assess the
likelihood, nor provide a best estimate or upper bound for

(future) sea level rise”.

In order to provide some perspective on the gravity of the
situation, the IPCC stresses that:

“Current models suggest virtually complete elimination of
%}reenland ice sheet and a resulting contribution to sea
el of about 7 metres if global average warming were
sustained for millennia in excess of 1.9 to 4.6 degrees

Celsius relative to pre-industrial levels”.

It should be noted that no time scale is provided for this
contribution to sea level from the Greenland ice sheet.
The time scale awaits better understanding of the linkages
between climate processes and continental ice melt,
confirmed by an observational record of some reasonable
r@:ce and length. It should also be noted that there

a er polar ice caps that could potentially contribute to
massive sea level rise.

Polar Ice Melt Scenario

Ice Melt available for Sea Level Rise

Temperate/tropical glaciers 0.5m
Greenland Ice Sheet
West Antarctic Ice Sheet

East Antarctic Ice Sheet

Non-linear acceleration of polar ice melt
No time scales available

Figure 2.8: Sea level rise scenarios.
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In its projections of future changes in climate over the 21st
century, the IPCC WG1, in its Fourth Assessment Report of
February 2007 (IPCC-WG1 2007), draws on a set of models
of sea level rise for 2090-2100 relative to 1980-1999, and
predicts a rise in the range of sea level rise from 180mm
to 590mm by 2100, depending on the particular emissions
scenario used.
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The low estimate reflects a scenario in which mitigation
efforts have successfully restricted sea level rise to the
levels of the last century, while the high estimate reflects the
influence of increasing ocean warming and temperate and
tropical continental ice melting
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In a review of coastal impacts and responses to sea level
rise, Brooks, Nichols and Hall (2006) explore a number of
scenarios for the possible rates of sea level rise over the
next century. These include:

» Alow rate of 10cm per century, which assumes that
Greenhouse Gas concentrations will not rise above the
levels of 380ppm experienced in the year 2000. This is
not realistic but can provide a lower bound to sea level
rise scenarios.

* A modest rate of 25-50cm per century, which keeps
Greenhouse Gas emissions at the levels of the year
2000, and is more realistic. The eventual stabilization of
Greenhouse Gases will then be roughly 450ppm, which
is associated with an eventual temperature increase of
1.5°C and an eventual sea level rise of 2m. However, such
a temperature increase could well lead to the risk of the
onset of the melting of the Polar Ice Caps.

» Rates of over 1m per century are associated with the
complete loss of the Greenland Ice Cap, as well as
contributions from the West Antarctic Ice Cap. These
require local increases of temperature exceeding 3°C
in order to provide sustained melting.

It appears that there are two groups of sea level rise
scenarios. The first group includes the IPCC and the SRES
scenarios, and can be represented by a Low Sea Level

Rise Scenario (Low SLR). In order to represent the group of
scenarios which include a substantial contribution from polar
ice melt, a High Sea Level Rise Scenario (High SLR) needs
to be introduced.

2030 2060 2100
Low Sea Level Rise Scenario 10cm 20cm 30cm
High Sea Level Rise Scenario 10cm 100cm 500cm

These two hypothetical scenarios will be used in the sea
level rise analyses that follow. It must be emphasized that the
High SLR Scenario is very speculative, as the future rates of
melting of the polar ice caps are largely unknown.

Caution should be exercised when making projections of
sea level rise based on extrapolations of current trends.
Depending on whether sea level rise is maintained at a
constant rate or accelerates in the future, the extrapolations
would cover a wide range of values. Figure 2.9 illustrates
this by charting sea level rise through the 21st century, which
reverts to its earlier slow rate of 1.8mm per year (blue points),
maintains its new modest rate sea level rise of 3.1mm per
year (red points), or accelerates strongly by doubling the

rate of sea level rise every 15 years (yellow points). The last
doubling projection is intended to illustrate the High SLR
Scenario, which includes rapid polar ice melt.

Future SLR Linear
g 700
€
c 600
x 500
—
@ 400
300 A
200 n
100 ‘ °
1 |
-100 5 o o o =) o o
S = I 150} < Iro} ©
<] o o o o o o
« « « « « « «
Year
Future SLR Linear
s 700
£ A
c 600
o 500 A
-
o 400
300 A ‘ E
200 Q =
100 B ®
0 @
-100
O o o 9O © o o o 9o o 9o o
S 4 &8 ® ¥ L © K ®© & o o
S o o ©6 o © © o © © o d
& & & & & & § & & & N 9o

Year

Figure 2.9: Sea level rise through the 21st Century.

At the first waypoint of 2030, both the linear and the doubling
models give essentially the same estimates of sea level rise
around 100mm. 54mm, 93mm and 139mm respectively. This
is also true of the models used in the IPCC and the SRES
analysis and even in simple models of polar ice melt. By

the second way point of 2060, the levels begin to separate,
reaching 108mm, 186mm and 697.5mm in the three cases.
The very rapid acceleration only has an appreciable effect,
leading to a clear differentiation between the between the
linear and doubling models of 180mm, 310mm and 4900mm
later in the 21st century.

The Low SLR Scenario and the High SLR Scenario
introduced above are used, together with the extreme sea
levels established before, to generate the future expected
extreme sea levels at return periods of 1, 10, 100 and 1,000
years, depending on the location and the particular sea
level rise scenario. Subsidence in delta environments and

a gradual increase in the intensity of tropical cyclones are
included in the calculations.
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Nacala Scenario lyear 10years 100years 1000 years Beira Port Diagram
Present 185cm 234cm 272cm 312cm
» 1000 ’é
2030 All 195cm 244cm 282cm 330cm g
>
Low SLR 205cm 254cm 292cm 349cm £
=l
2060 S 100 7/
High SLR  285cm 334cm 372cm 429cm Og_ 7’
c o
Low SLR  215cm  264cm 302cm 370cm E prsd
2100 ¢ 10 >/
High SLR  585cm  634cm 672cm 740cm ﬁ/ 7/
) ) 1 oL & g
Beira Scenario 1year 10years 100years 1000 years 320 /360 400 240 480
Present 346cm 390cm 440cm 490cm Annual maximum height in cm
2030 Al 361cm  406cm 455¢m 517cm Figure 2.10: Beira Port diagram.
2060 Low SLR ~ 376cm  420cm 470cm 545¢m The present day annual maximum height for various return
High SLR  456cm  500cm 550cm 625cm periods is marked in blue on the Beira Port Diagram. The
maximum heights, after the sea level rise of 10cm in 2030,
LowSLR ~ 391cm  435cm 485cm 576cm are marked in red on the amended Port Diagram. The
2100 extreme event of 380cm with a present day return period of 5
High SLR  761cm  805cm 855¢cm 946¢m p y p

years (blue line), will have a return period of 3 years (red line)
when adjusted for the sea level rise in 2030. In the same way,
Maputo Scenario 1lyear 10years 100years 1000 years the extreme event of 440cm with a present day return period
of 100 years (blue line), will have a return period of 60 years

Fresent 176om  2250m 270em Stoem (red line) in 2030. Every present day, fixed coastal defense,
2030 All 188cm  235cm 280cm 335cm will be breached at decreasing intervals and the population
and infrastructure at risk will be overwhelmed, if no additional
Low SLR  198cm  245cm 290cm 355cm . . . . .
2060 height is provided to cope with future sea level rise.
High SLR  278cm 325cm 370cm 435cm
Coastal Adaptation Strategies
Low SLR  208cm  255cm 300cm 378cm
2100 High SLR  678cm  625cm 670cm 748cm The principal threat to the coastline of Mozambique, its
people and its economy at the present time, comes from
Table 2.7: Extreme sea levels expected at long return periods, the damage potentially caused by the impact of a tropical
at various ports and for the representative low and high sea cyclone. This was the case in the year 2000 when TC Eline
level rise scenarios. Notes: All heights are in centimeters above  and TC Hudah caused damage amounting to 12% of GDP,
present day mean sea level. from which the country took several years to recover. With
the onset of climate change in the early years of the 21st
Extremes are derived from observed and extrapolated sea century, tropical cyclones will remain the principal threat, and
levels at the various harbors, with subsidence of 15cm per t)=—yotential impact will possibly grow though an increase in
century included at Beira. tLTE,—ltensity and their interaction with the expected modest

rates of sea level rise.
Storm surge at the 1,000 year return period, corresponding
to an intense tropical cyclone, is increased by 20% over the @ulnerability to tropical cyclones depends on the nature
century, before being added to the sea level. of the coastline, whether the coast is hard or soft, rigid or
yielding. In the same way, coastal infrastructure and services

Before considering the question of future protection in are protected from the sea in different ways for hard rocky
detail, the case of no action beyond the present situation is coasts, for dynamic sandy coasts and for soft muddy coasts.
explored. With no additional protection, the effect of future Here two categories of coastal protection are considered;

sea level rise will appear to reduce the return periods of fortified seawalls and vegetated dune barriers. Each category
extreme sea level events. This can be illustrated through a of protection has its own engineering design characteristics to
composite Port Diagram for extreme events at present and provide appropriate degrees of cost effective protection from
for the extreme events expected in 2030, with the sea level extreme storm surge events. For the High SLR Scenarios
rise of 10cm from all sea level rise scenarios. The port of associated with polar ice melt, protection becomes less

Beira is chosen to illustrate this phenomenon. affordable and a new adaptation strategy of Coastal Retreat

has to be investigated.
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people and its economy at the present time, comes from
the damage potentially caused by the impact of a tropical
cyclone.
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This was the case in the year 2000 when TC Eline
and TC Hudah caused damage amounting to 12% of GDP,
from which the country took several years to recover. With
the onset of climate change in the early years of the 21st
century, tropical cyclones will remain the principal threat, and
their potential impact will possibly grow though an increase in
their intensity and their interaction with the expected modest
rates of sea level rise.
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associated with polar ice melt, protection becomes less
affordable and a new adaptation strategy of Coastal Retreat
has to be investigated.
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Fortified seawalls are designed to protect valuable
infrastructure and services, often in an industrial and an
urban environment. Protection classes based on the return
periods of storm surges have often been used as part of

the seawall design. An overview can be given for the South,
Centre and North in turn, using the extreme sea level heights
expected at return periods of 1, 10, 100 and 1,000 years,
from representative ports in the three zones.

Port lyear 10years 100years 1000years HAT
Maputo 178cm 225cm 270cm 315cm 178cm
Beira 346cm 390cm 440cm 490cm 340cm
Nacala 185cm 234cm 272cm 312cm 205cm
gz;iion Minimal  Low Medium High

Table 2.8: Extreme sea level heights expected at return periods
of 1, 10, 100 and 1,000 years, from representative ports in the
three zones.

These heights can be used as design heights for fortified
sea walls offering minimal protection, low protection, medium
protection and high protection in the three zones. Decisions
have to be taken as to which level of protection to afford
each area at risk. What is the risk, expressed in terms of the
economic loss of infrastructure and services from temporary
flooding of the area, against the cost of building or raising
the height of a seawall to provide proper protection? In a
real sense, this means comparing the cost of building up and
maintaining the seawall against insuring against the losses
from the unlikely occurrence of an extreme sea level event
like a tropical cyclone with a return period of 1,000 years,
even if it is the government that carries the insurance.

It should be borne in mind that climate change will alter

the heights of the extreme sea level events at long return
periods, and also increase the design heights for the
seawalls that are protecting the investment in infrastructure
and service in the ports and cities and in the communication
links along the coast. Sea level rise will increase the base
level for the seawalls, typically by 10cm at the 2030 way
point, and much more by the end of the century. It is also
anticipated that there will be an added effect from the more
intense tropical cyclones in the South Western Indian Ocean.
Minimal, low, medium and high protection levels for coastal
defences can be set directly from the extreme sea levels
expected at return periods of 1, 10, 100 and 1000 years,
under the various sea level rise scenarios, as given in

Table 2.8 above. These levels will be used as the basis for
protection levels in the regional studies that follow in section
2.3, and for land elevation maps to estimate areas at risk,
and hence population, infrastructure, communication links
and services at risk.

The affordability of added future protection has been
addressed by Nicholls and Tol (2006) in their investigation

of the SRES scenario as typical of the LSR Scenarios. They
link the four protection classes to an economic model to
determine which particular protection class should be adopted
as the optimal protection strategy, and noted the added
expenditure involved for countries with delta coastlines. Their
low protection class has a seawall designed to a height of
the 1 in 10 year storm surge, with affordability which they link
to an economy of below US$600 GDP/capita in general but
below US$2,400 GDP/capita for delta coasts. Their medium
protection class has a seawall designed to a height of the
1in 100 year storm surge, which they link to an economy

of between US$600 and US$2,400 GDP/capita in general
but between US$2,400 and US$5,000 GDP/capita for delta
coasts. Finally, their high protection class has a seawall
designed to a height of the 1 in 1000 year storm surge, which
they link to an economy of over US$2,400 GDP/capita in
general but over US$5,000 GDP/capita for delta coasts.

At the present time, these affordability levels mean that much
of the protection along the Mozambique coastline is at the
minimal or low protection level. As the economy gradually
grows, improvements can be contemplated, though there will
always be the added burden of a vulnerable delta coastline.
Nicholls and Tol (2006) emphasise that, if these protection
classes are adopted as the adaptation strategy against sea
level rise, and there is favourable economic growth, future
additional impacts from sea level rise and storm surges can
be contained at manageable levels. In fact, the danger of
severe impacts may even be reduced from present levels. On
delta coasts, vulnerability can be further reduced by managing
human-induced subsidence such as groundwater withdrawal.

Coastal engineering design criteria that need to be
considered in use of dune barriers to protect coastal
infrastructure.. In contrast to the fortified seawalls, where
design features such as dolosse fronting the seawall
dissipate the force of ocean waves, the dune barriers are
exposed to the full erosive potential of the waves in the surf
zone. The extreme sea levels on the open coast will exceed
values gathered from observations in harbours, as they will
include dramatic wave effects in the surf zone. This can be
seen from the Saffir-Simpson storm surge levels, which reach
over 4m for the most intense tropical cyclones, as against the
storm surges associated with the extreme sea levels which
remain less than 2m. Dune barriers must be high enough
and wide enough to withstand the erosive potential of the
storm surges on the open coast associated with tropical
cyclones. The experiences of the extreme storm of March
2007 along the nearby east coast of South Africa led Theron
(2008) to recommend that dune barriers used along the coast
of Mozambique should be designed at heights in excess of
6m above the mean spring tide. This same storm eroded
beaches by 30m in just six hours. These are the sizes of the
dune barriers that are needed to afford effective protection
against tropical cyclones on soft coasts.
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Studies on the impacts of sea level rise on soft coasts need
to account for land lost directly through inundation, but also
indirectly through coastal erosion. Erosion events are likely
to be episodic and associated with extreme storm events
such as the one described above. In the long term, there will
be an accumulative impact and Bruun’s Rule provides an
order of magnitude estimate of erosion and coastal set-back
at 100 times the rise in sea level. Th e LSR Scenario,
with its rise of 30cm by 2100, will b{%ﬂxciated with a
gradual coastal set-back estimated at 30m. Along certain
sections of the coastline, such a loss of beach amenity will
be unacceptable and dune protection measures, or beach
nourishment schemes, will need to be considered to counter
the effects of long term erosion.

Meanwhile, it is possible to explore some of the
consequences of such a large scale polar ice melt, by way
of an extreme climate scenario, even though its full impact
may not be felt for many decades. Whilst protection through
various forms of fortified sea walls and dune barriers is the
preferred adaptation approach for the low sea level rise
expected in the near future, the question arises as to whether
or not such an approach will continue to be as economically
attractive with sea level rise of the order of magnitude

of metres rather than centimetres. The results of studies
addressing this question elsewhere in the world can be of
some relevance to Mozambique. Of particular interest are the
possible societal responses to a 5m rise in sea level within

a century, starting in 2030, as reported by Tol et al. (2007).
They report on the outcomes of a series of workshops of
regional experts and stakeholders, convened to consider the
cases of three large and well-populated European estuaries.
The most likely response in the Rhone estuary would be
retreat, with economic losses, perhaps social losses, and
ecological gains as wetland areas increase in size. In the
Thames estuary, the outcome would be less clear, but
would probably be a mix of accommodation and retreat, with
parts of the city centre turned into a Venice of London. In
the Rhine delta, the Netherlands, the initial response would
be protection, followed by retreat from the economically

less important parts of the country and probably from the
Amsterdam-Rotterdam metropolitan region as well.

These three case studies by Tol et al. (2007) make it clear
that adaptation would be difficult even in well developed
countries. If the Netherlands does not expect to be able to
cope, even with its extensive experience in the protection
from the sea and in flood management technology, countries
with similar river deltas are not expected to be able to use
protection as a viable option either. The remaining option of
the evacuation of large populations from tropical deltas in
developing countries would be a national calamity for those
countries. Whilst, this conclusion of the catastrophic potential
effects of polar ice melt lends strong support to efforts leading
towards the mitigation of climate change, it is also important
to investigate the situation in threatened delta environments
in developing countries through an approach, similar to that
used by Tol et al. (2007).

Coral Coasts

In common with the islands of the Western Indian Ocean,
much of the coastline of Mozambique, away from the major
rivers, is fringed with coral reefs. This is particularly true of
the North. These reefs comprise tough, algal-clad intertidal
bars composed largely of coral rubble derived from their
ocean front, and provide protection from wave attack to

the inshore areas with their sediment veneers and beach
sands that are susceptible to erosion (Arthurton 2003). Their
continued function is under threat from various aspects of
climate change and human interference. These negative
effects include coral bleaching from high sea surface
temperatures, submergence from sea level rise and reduced
calcification from ocean acidification. Marine pollution is the
general threat from human activities on the coast.
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Map 2.2: Coral ecosystems along the Eastern coast of Africa.
Source: ESRI world map.
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In the long term, there will
be an accumulative impact and Bruun’s Rule provides an
order of magnitude estimate of erosion and coastal set-back
at 100 times the rise in sea level. Thus the LSR Scenario,
with its rise of 30cm by 2100, will be associated with a
gradual coastal set-back estimated at 30m. Along certain
sections of the coastline, such a loss of beach amenity will
be unacceptable and dune protection measures, or beach
nourishment schemes, will need to be considered to counter
the effects of long term erosion.
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The impact of clf change through coral bleaching on
coral reefs of th tern Indian Ocean has been well
documented. Obura (2005), reported on high coral bleaching
in both southern and northern Mozambique resulting from
sea surface temperature increases during 1998, with highly
varying mortality rates from the expulsion of the coral’s
symbiotic algae ranging from 20% to 80%, whilst Maina

et al 2007 have modelled the susceptibility of these coral
reefs to such environmental stress. The long-term impact of
such widespread coral death episodes on the continuity of
the supply of detrital coral rubble to fringing reef bars and
platforms is yet unclear.

A fundamental question is whether the upward growth of

the reef bars — the principal first line of sea defence - could
keep pace with the predicted rate of sea-level rise. Assuming
such a capability, there would be a prospect of increased
accommodation for back-reef sediment accumulation on the
platforms. Any deepening of the waters over the platforms
would favor the translation of ocean swell and lagoon-
generated waves onto the beaches, a condition that would
be exacerbated if upward reef growth fails to keep pace with
sea-level rise. Existing beach and beach plain deposits would
then become increasingly vulnerable to wave erosion.

Additional stress on the health of the carbonate - fixing biota
of the reefs and their platforms will arise over the long term
from another consequence of global climate change - the
increased levels of atmospheric carbon dioxide. The resulting
acidification of ocean waters through increased dissolved
CO,, which will impede biogenic calcification. This will provide
serious issues for corals, as omega levels in excess of 3.5
are required for optimal coral growth, so that growth will be
limited under these conditions. The present day pH levels

of 8-8.2 in the surface ocean are anticipated to fall to much
lower pH levels by 2100 as atmospheric CO, levels increase.
Startling consequences for coral reef health are predicted
under all SRES future world scenarios by 2100.
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Figure 2.11: Ph levels in the surface ocean.
Source: Caldeira & Wickett, 2005, GRL.

Turbidity in coastal waters produced by high levels of
suspended sediment discharged by rivers is another
pressure of natural, often seasonal occurrence, usually
related to monsoonal flooding. Human activities in the
region’s catchments and coastal zone increasingly impact on
the health and biodiversity of the reef and platform habitats,
and contribute to physical shoreline change. These include:

* Industrial, agricultural and domestic discharges leading to
the eutrophication and pollution of the coastal environment,

» Physical interventions such as water impoundment and
abstraction in catchments, sand mining and coastal
engineering affecting the supply and transport of sediment
both to and within the coastal zone, and

» Physical disruption of the ecosystem by insensitive fishery
and recreational practices.

The reef bars form the key ocean defense for the fringing reef
coasts. Given the forecast global average sea-level rise, the
long-term protection of the reef-front, sediment-producing
biota (especially the hard corals) from degradation by
pollution (both marine- and land-sourced) and eutrophication,
as well as human-inflicted physical damage must be a
management priority. Similar protection is also relevant to
the platform ecosystems, so that the biogenic production of
carbonate sediment - the substrate of the backreef seagrass
nurseries - is maintained. Because of their mesotidal
condition, the fringing platforms are well flushed, generally
with little scope for a build-up of contaminants. The coral reef
areas of bique are thus very vulnerable to climate
change i s, with direct effect on the biota as well as on
the important linked socio-economic sectors, through the
tourism industry.
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The impact of climate change through coral bleaching on
coral reefs of the Western Indian Ocean has been well
documented. Obura (2005), reported on high coral bleaching
in both southern and northern Mozambique resulting from
sea surface temperature increases during 1998, with highly
varying mortality rates from the expulsion of the coral’s
symbiotic algae ranging from 20% to 80%, whilst Maina
et al 2007 have modelled the susceptibility of these coral
reefs to such environmental stress. The long-term impact of
such widespread coral death episodes on the continuity of
the supply of detrital coral rubble to fringing reef bars and
platforms is yet unclear
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areas of Mozambique are thus very vulnerable to climate
change impacts, with direct effect on the biota as well as on
the important linked socio-economic sectors, through the
tourism industry.
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Future impacts of climate change on cyclone,

storm sturge and sea level rise activity

Prof. Geoff Brundrit, UCT and Dr Alberto Mavume, UEM

2.2

Regional implications for Mozambique

The earlier parts of this report examined the challenges
faced by Mozambique in respect of climate change

along its long coastline. They assessed the hazards of
sea level rise and the intensification of tropical cyclones,
especially in those areas which are known to be particularly
vulnerable, and where the capacity of the country to cope
with these hazards is limited. After summarizing the earlier
sections, this section will deal with the implications for
Mozambique, taking a regional approach so as to highlight
their different sensitivities, needs and priorities, and setting
out recommendations for future action to cope with the
challenges of climate change along the coast.

Tropical cyclones have been an ever-present threat to the
livelihood of the people living on the coast of Mozambique.
Over the past 30 years both the frequency and the

intensity of tropical cyclones making landfall on the coast

of Mozambique has increased. The floods and cyclones of
the year 2000 were particularly damaging to the economy
and social fabric of the country as a W%}The warming
associated with climate change strongly suggests that the
trend of increased intensity of tropical cyclones will continue.
Of particular concern is the tendency for people to migrate
into the coastal region, so placing more people, infrastructure
and services at risk.

Much of the coast of Mozambique is vulnerable to attack
from the sea, being particularly true of the Centre with their
large rivers and deltas. The threat of inundation from tropical
cyclones has meant that people and infrastructure at risk
need to Eloperly protected through the construction

and mai nce of coastal defenses. Sea level rise,
accompanying global climate change, constitutes a threat in
its own right, but is also a concern through its enhancement
of the impact of tropical cyclones. Coastal defenses have to
be strengthened further.

Global sea level rise scenarios fall into two categories:

2030 2060 2100
Low Sea Level Rise Scenario 10cm 20cm 30cm
High Sea Level Rise Scenario 10cm 100cm 500cm

The Low SLR gives give a rise of up to 50cm by 2100. Under
this scenario tropical cyclones will remain the principal threat
to the coast of Mozambique. The potential for damage will
increase steadily as this modest sea level rise is experienced
along the coast. The scenarios under High SLR are quite
different. This includes the rapid melting of polar ice caps,
leading to sea level rise of the order of metres by 2100. In
these circumstances, it is the permanent inundation of the
coast and the low-lying areas behind, which forms the principal
threat, particularly to large estuaries and subsiding deltas.
Overall this threat to Mozambique is likely to be catastrophic.

All areas of the coast of Mozambique are subject to at least
one of the impacts of climate change. However, each section
of the coast has a distinct regional character, both in terms of
their key t and the extent of the vulnerability to these
threats. TIEIans that the implications of climate change
are best dealt with on a regional basis; the North, the Centre
and the South.
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the year 2000 were particularly damaging to the economy
and social fabric of the country as a whole. The warming
associated with climate change strongly suggests that the
trend of increased intensity of tropical cyclones will continue.
Of particular concern is the tendency for people to migrate
into the coastal region, so placing more people, infrastructure
and services at risk.
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The threat of inundation from tropical
cyclones has meant that people and infrastructure at risk
need to be properly protected through the construction
and maintenance of coastal defenses. Sea level rise,
accompanying global climate change, constitutes a threat in
its own right, but is also a concern through its enhancement
of the impact of tropical cyclones. Coastal defenses have to
be strengthened further.
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All areas of the coast of Mozambique are subject to at least
one of the impacts of climate change. However, each section
of the coast has a distinct regional character, both in terms of
their key threats and the extent of the vulnerability to these
threats. This means that the implications of climate change
are best dealt with on a regional basis; the North, the Centre
and the South.
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The Northern Region is characterized by a relatively
narrow coastal plain with few large rivers, a coastline of
sandy beaches, sea grass meadows and fringing coral
reefs, and a narrow continental shelf. The tides are
moderate (2m in range), and the coast is subject to
occasional tropical cyclones (4 in 16 years).

The Central Region is characterized by a wide and flat
coastal plain, with many large rivers and deltas, a
dynamic sediment-rich muddy and sandy coastline,
and wide and very shallow offshore tidal flats. The tides
are large (up to 7m in range), and the coast is the most
subject to tropical cyclones (6 in 16 years).

The Southern Region is characterized by a relatively
narrow coastal plain, with some large rivers, a sandy
coastline which becomes muddy close to the rivers,
and a shallow bight in Maputo Bay. The tides are
moderate (2m in range), and the coast is subject to
occasional tropical cyclones (4 in 16 years).

Dedvinr JO08

Map 2.3: Mozambique: land zoning. Source: ILAM, 2008.
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2.2 Regional implications for Mozambique

In the next section each zone will be examined as it relates
to as it relates to climate change vulnerability. i.e the potential
threat from tropical cyclones, based on the recent history

of their occurrence and intensity, and an overall picture of

the threat from sea level rise. The special threat to the coral
ecosystems is dealt with where relevant.

The Northern Region of Mozambique

The North is characterized by a relatively narrow coastal
plain with few large rivers, a coastline of sandy beaches,
sea grass meadows and fringing coral reefs, and a narrow
continental shelf. The tides are moderate (2m in range), and
the coast is subject to occasional tropical cyclones (4 in the
past 16 years).

Map 2.4 an elevation map provides a broad indication of
vulnerability to climate change. The 5m contour along the
coast can be used to indicate the areas at risk both from a
sea level rise of 5m and from the impact of an intense tropical
cyclone at present sea levels.
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F Sea level rise: +5m

Map 2.4: Elevation map indicating the 5m contour line for the
coastal zone of the North.

Tropical Cyclone Nadia, 17 March — 02 April 1994

This suggests that only very few areas along this coast are
at risk, specifically the low-lying offshore islands close to the
border with Tanzania. The below details the risk of the impact
of tropical cyclones in general, and the risk Nacala, the
harbor town is exposed to.

The recent history of tropical cyclone occurrence shows the
North was subject to four tropical storms or tropical cyclones
in the past 15 years.

Year gsaeﬁgg - Landfall Date Strength g\’/)igg d
1994 Cat 4 Nadia North 24 March Cat 1 139 km/h
1998 TS North 17 Jan TD 74 km/h
2003 TS Atang North 13 Nov TD 46 km/h
2008  Cat 4 Jokwe North 08 March Cat3 180 km/h

Table 2.9: Tropical cyclones of Categories 1-4, storms (TS) and
depressions (TD) making landfall on the coast of the Northern
Region of Mozambique in the period 1994-2008.

The most intense cyclones were TC Nadia and TC Jokwe.
TC Nadia was a Category 4 cyclone during its lifetime and
remained a Category 1 cyclone at the time of its landfall close
to Nacala. TC Jokwe made landfall as a Category 3 cyclone
and remained at this intensity as it moved southwards down
the coastal areas of the North. Both tropical cyclones turned
back, to move off the land into the Mozambique Channel.

Figure 2.12 shows the impact of TC Jokwe on the coastal
areas of the North, together with the damage to roads and
health facilities, and the affect on the population.

6000  -5000 -4000 -3000 -2000 -1000 0

1000 2000 3000

Figure 2.12: Trajectories of TC Nadia and TC Jokwe.
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Transport network affected by CT Jokwe
= 4000
¥ 3500
3288 B Principal highway
2000 B Secondary highway
1500 .
1000 M Railway
500

Infrastructure affected by CT Jikwe

c 80
X 70
60

50

40

30

20

10

0

I Health centre
B Health post
M Rural hospital

Population affected by CT Jikwe (200,821 inbabitants)

Mogincual

Angoche

Mosuril

Islands of Mozambique
Moma

Mogovolas

Port of Nacula

Monapo

Legend
Cyclone category
® C2(89-117 Km/h)
® C3(118-165 Km/h)
® C4(166-212 Km/h)

® (52-65 Km/h) Topography in metres
& Infrastructure affected H 1-100
in the South 100 - 350
= Principal highway 350 - 550
— Secondary highway 550 - 750
= Railway W 750 - 1000
+ Population affected M 1000 - 1200
# Area impacted "] 1200 - 2350

Map 2.5: The impact of a category 4 cyclone in the North.
Area of impact is shaded, road network is shown in red
lines, population in black dots.
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Climate change in the future is expected to lead to

an increase in the intensity of tropical cyclones, and
corresponding increase in the level of damage. There
may also be an increase in their frequency of occurrence.
Therefore the experience of the recent past can provide a
valuable indicator of what might happen in the future.

The sea level observations made at the port of Nacala can
be used to illustrate the exposure of the North to extreme
sea level events and the need for coastal defenses. Nacala
is situated on a deep estuary, and is sheltered from the open
sea by high ground to the East.

Nacala

g ™ Google

Map 2.6: Google Earth map of Nacala on deep estuary.

Figure 2.13 show how observations of extreme sea levels
over the past 10 years can be used to construct a port
diagram of the expected return periods of extreme events as
indicated by annual maximum heights.

Nacala Port Diagram

1000

100

Return period in years

10

1
160

320

Annual maximum height in cm

Figure 2.13: Nacala Port diagram.

Nacala 185cm 234cm 272cm 312cm 205cm

Table 2.10: Annual Maximum Height in centimetres above
Mean Sea Level against Return Period in years, with Highest

A@omical Tide for comparison.

At present, the port and town of Nacala are normally subject to
spring tides at a height of 2m above mean sea level. The 1,000
year extreme event from a tropical cyclone and coinciding with
a spring high tide takes the sea level up to 3.12m. Coastal
defenses are in place to guard against inundation from such
an extreme event. Only a narrow strip of coastal land, holding
the port and railway links, would be placed at risk, as the town
itself is located on much higher ground. Even this narrow strip
of land and the port facilities are sheltered from the full brunt of
the storm, because of its position.

3m contour

Map 2.7: Google Earth map of Nacala port.

These extreme sea levels at Nacala need to be adjusted
upwards to take account of sea level rise and the likely
increase in intensity of the most intense tropical cyclones.
The coastal defenses would also need to be raised as the
sea level rises over the 21st century.
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20 lyear 10years 100years 1000 years Scenarios
Nacala 185cm  234cm 272cm 312cm present
195cm  244cm 282cm 330cm 2030
205cm  254cm 292cm 349cm 2060 Low
SLR
215cm  264cm  302cm 3706m 2100 Low
SLR
285cm  334cm 372cm 429cm 2060 High
SLR
585cm  634cm  672cm 740cm 2100 High
SLR
Protection o Low Vedium High
Class

Table 2.11: Extreme Sea Levels Expected at Long Return
Periods At Various Ports and for the Representative Low and
High Sea Level Rise Scenarios.

Protection will continue to be effective within the Low SLR
Scenario through the 21st century, affording good protection
from tropical cyclones and low levels of sea level rise.
However, the radical difference expected from the polar

ice melt contribution to the High SLR is clearly illustrated,
with the likely inundation of the narrow strip of coastal land
necessitating the relocation of the port facilities. The lack of a
coastal platform may become an issue.

These levels can also be used to understand the vulnerability
of Pemba and Angoche to climate change.

“Goggle

Map 2.8: Google Earth map of Angoche.

Map 2.4, the 5m contour map of the North, shows that the
offshore islands will be at risk of inundation. A further impact
of climate change is on the coral ecosystem, a striking
feature of much of the coastline of Northern Mozambique.
These reefs comprise tough, algal-clad intertidal bars
composed largely of coral rubble derived from their ocean
front, and provide protection from wave attack on the inshore
areas - with their sediment veneers and beach sands that
are susceptible to erosion. An important consequence of
this gradual inundation is a reduction in the effectiveness

of providing protection to the coast, which then becomes
exposed to the full force of any extreme event.

@uch exposure would lead to increased erosion and set

ack of the coastline, equivalent to approximately 100 times
the rise in sea level. The two scenarios used here are the
modest rise of 30cm over the century and the high polar ice
melt rise of 5m over the next century. This leads to rough
estimates of erosion set-backs from Bruun’s Rule of 30m in
the first scenario and 500m in the polar ice melt scenario.
If the erosion threatens existing coastal developments in,
for example, the tourism industry, new coastal defenses
will need to be put in place to afford adequate protection
from future storm events. These defenses will need to
be substantial. One recommendation is for dune barriers
designed at heights in excess of 6m above level mean spring
tide and with bulk widths of 30m.

Dune barriers may not be needed for the modest levels in
the Low SLR Scenario. However, the loss of the protection
from the offshore islands and the coral reefs in the High
SLR Scenario will certainly require the construction and
maintenance of massive dune barriers. The alternative is
gradual relocation of coastal developments in a managed
retreat from the coast.
2.3.2 The Central Region of Mozambique
The Centre is characterized by a relatively wide and flat
coastal plain, with many large rivers and deltas, a dynamic
ediment-rich muddy and sandy coastline, and wide and very
shallow offshore tidal flats. The tides are large (up to 7m in
range), and the coast is the most subject to tropical cyclones
(6 in 16 years).

In order to provide a broad indication of vulnerability to
climate change, an elevation map indicating the 5m contour
along the coast can be used to indicate the areas at risk both
from a sea level rise of 5m and from the impact of an intense
tropical cyclone.
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of climate change is on the coral ecosystem, a striking
feature of much of the coastline of Northern Mozambique.

An important consequence of
this gradual inundation is a reduction in the effectiveness
of providing protection to the coast, which then becomes
exposed to the full force of any extreme event

Such exposure would lead to increased erosion and set
back of the coastline, equivalent to approximately 100 times
the rise in sea level. The two scenarios used here are the
modest rise of 30cm over the century and the high polar ice
melt rise of 5m over the next century
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The Centre is characterized by a relatively wide and flat
coastal plain, with many large rivers and deltas, a dynamic
sediment-rich muddy and sandy coastline, and wide and very
shallow offshore tidal flats. The tides are large (up to 7m in
range), and the coast is the most subject to tropical cyclones
(6 in 16 years).
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Sea level rise: +5m

Map 2.9: Elevation map with the 5m contour line indicating
areas at risk from a sea level rise of 5m and/or extreme cyclone
and storm surge.

Map 2.9 shows the potential risk to people and
communication links in the extensive estuary and delta
areas of the Centre, particularly with regards to the Zambesi
delta and the area around Beira. Offshore islands are under
threat of inundation and, where there are coral reefs, climate
change will again affect their protective character.

The North is most susceptible to tropical cyclones as
illustrated by the four tropical storms and two tropical
cyclones that have made landfall on the coast in the

past 15 years.

;\?ﬁ’:&i Landfall Date Strength svgiane(ij
=== TS Fodah Central 22Jan TD 37 km/h
1_6 Cat 4 Bonita Central 14Jan Catl 130 km/h
1997  Cat 1 Lisette Central 2March TS 111 km/h
2000 Cat4 Eline Central 22Feb Cat4 213 km/h
2000 Cat 4 Hudah Central 8 April Catl 148 km/h
2004 TS Delfina Central 1 Jan TS 92 km/h

Table 2.12: Tropical cyclones of Categories 1-4, storms (TS) and
depressions (TD) making landfall on the coast of Mozambique in

t@iod 1994-2008.

The three most intensive tropical cyclones were TC Bonita,
TC Eline and TC Hudah, whose paths across the coast of the
Centre are shown below.

4000 5000 4000 3000 2000 1000 L]

Figure 2.14: Trajectories of TC Bonita, TC Eline and TC Hudah.
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The North is most susceptible to tropical cyclones as
illustrated by the four tropical storms and two tropical
cyclones that have made landfall on the coast in the
past 15 years
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Map 2.9 shows the potential risk to people and
communication links in the extensive estuary and delta
areas of the Centre, particularly with regards to the Zambesi
delta and the area around Beira. Offshore islands are under
threat of inundation and, where there are coral reefs, climate
change will again affect their protective character
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Map 2.10: The impact of a Category 4 cyclone in the Centre.

On landfall, TC Eline was still classified as Category 4 onthe = The sea level observations made at the port of Beira can
Saffir-Simpson scale, with wind speeds in excess of 210 km/ be used to illustrate the exposure of the Centre to extreme
hr and an accompanying storm surge likely to have been in sea level events and the need for coastal defenses. Beira is
excess of 4m in height. TC Eline caused extensive damage, situated at the seaward end of the delta of the Pungoe River.
estimated to be in excess of 12% of the GDP of Mozambique.

Figure 2.14 shows the impact of TC Eline on the coastal

areas of the Centre, together with the damage to roads and

health facilities, and the affects on the population .
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“Google

Map 2.11: Google Earth map of Beira.

These observations can be used to investigate the
occurrence of extreme sea levels, and a corresponding Port
Diagram for Beira.

Port lyear 10years 100years 1000years HAT
Beira 346cm 390cm 440cm 490cm 340cm
Protection Minimal  Low Medium High
Classes

Table 2.13: Annual Maximum Height in centimeters above
Mean Sea Level against Return Period in years, with Highest
Astronomical Tide for comparison.

The land at risk from the coincidence of a tropical cyclone
and a spring high tide is all the land below the level of the
storm surge with a return period of 1,000 years, which for
Beira at present is at a level of 4.9m above mean sea level.
Hoozemans et al (1993) noted that a 1,000 year storm surge
of 1.9m should be added to a mean high tide level of 3m to
obtain an appropriate 1,000 year extreme sea level, which
gives the same level.

Beira Port Diagram
» 1000
::g ;#7
>
4

c
S d
S 100 J/
@
= "
£
S
° S
e 10 >,

N \

320 360 400 440 480

Annual maximum height in cm

Figure 2.15: Beira Port diagram.

The estimates of extreme values to be expected on the basis
of return periods of 10,100 and 1,000 years are used by
coastal engineers in their design of coastal defences, and

by coastal planners for estimates of land areas which are at
risk of inundation. The study of the coastal defences of Beira
in MICOA (1997), provides insight into the situation in Beira.
It appears that the present seawall is only built to the height
of the one year return period at approximately 3.4m. Thus

on occasion each year, “the seawater spills over onto the
road and flows through the fissures of the wall protecting the
port”. More water breaches the seawall and flows landward
through the drainage channels at the time of an event with a
10 year return period at 3.9m. If sustained, such a high water
event would flood low lying land behind the seawall which
lies below this elevation of 3.9m. The 1,000 year extreme
sea level event, probably associated with a tropical cyclone
making landfall in the vicinity, would overtop the seawall and
flood all land which lay at an elevation below 4.9m. This area
of land is extensive and covers the entire area between the
city and the airport.

Greater protection can be gained by building the seawall
upward to the heights of the 10, 100 or even 1,000 year
return periods at Beira. Decisions need to be taken as to
which level of protection to afford each area at risk. What

is the risk, expressed in terms of the economic loss of
infrastructure and services from temporary flooding of the
area, against the cost of building or raising the height of a
seawall to provide proper protection? In a real sense, this
means comparing the cost of building up and maintaining the
seawall against insuring against the losses from the unlikely
occurrence of an extreme sea level event like a tropical
cyclone with a return period of 1,000 years, even if it is the
government that carries the insurance.

These sea levels need to be adjusted upwards to take
account of sea level rise and the likely increase in intensity
of the most intense tropical cyclones. The coastal defences
would also need to be raised as the sea level rises over the
21st Century.
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Port 1year 10years 100 years 1000 years Scenarios
Beira 346cm  390cm 440cm 490cm present
361cm  406cm 455¢cm 517cm 2030
376cm  420cm  470cm 545cm 2060 Low
SLR
391cm  435cm  485cm 576cm 2100 Low
SLR
456cm  500cm 550cm 625cm 2060 Ice Melt
76lcm  805cm 855cm 946cm 2100 Ice Melt
Protection Minimal Low Medium High
Class

Table 2.14: Extreme Sea Levels Expected at Long Return
Periods At Various Ports and for the Representative Low and
High Sea Level Rise Scenarios.

There is a clear difference between the two scenarios.
Under all scenarios for Beira in 2030, the coastal land
and the people living and working there are under threat
from extreme sea level events, and will need to be
appropriately protected.

Litoral (Praia)
em risco

Porto e linha
férrea em risco

-3

Topography (Elevation) Meters

Legend
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B Land, Infraestructure at 10-15
Rlisk from a Severe Cyclone 15-25
Port Area at Risk B 25-40

W Seashore at Risk 40-<

Map 2.12: Beira by 2030; gradual sea level rise and more intense
cyclone risk. Red lines represent existing infrastructure; yellow
the port zone at risk; light green the sea shore at risk and dark
green the area at risk in the event of a severe cyclone.

Fortified seawalls are designed to protect valuable
infrastructure and services, often in an industrial and an
urban environment. Protection classes based on the return
periods of storm surges have often been used as part of the
seawall design, for example see Nicholls and Tol (2006) for
an overview. They link the protection classes to an economic
model to determine which particular protection class should
be adopted as the optimal protection strategy, and noted

the added expenditure involved for delta coastlines. This
approach can be used for Beira. Under all sea level rise
scenarios by 2030 , the high protection class would require
a seawall to a height of 5.17m, to cope with the added sea
level rise. On a delta coast, Nicholls and Tol (2006) believe
that this can only be afforded by a country with a GDP per
capita in excess of US$5000. This illustrates the difficulties
faced by Mozambique as a poor country subject to the impact
of extreme storm surges on a delta coast.

The vegetated dune barrier to the east of Beira is intended
to prevent flooding of the low-lying land on the coastal plain
behind. With a mean spring tide level of 2.9m, this means
that the height of the dune barrier would need to approach
9m in height and 30m to be effective against the most
extreme tropical cyclones. It is not easy to decide to build
and maintain such a formidable barrier, on the chance of a
tropical cyclone making landfall on this coast. The alternative
to investing in this protection is to accept the consequences
of the impact of a tropical cyclone on the infrastructure
behind. Once the dune barrier has been breached, the land
at risk is again the land below the level of the 1,000 year
storm surge, 4.9m now and 5.17m in 2030.

The key question is whether or not Mozambique can
afford to protect its coastal assets in Beira, both nhow
and under the modest sea level rise envisaged in the
near future?

The implications of the High SLR are much more serious for
Beira. A sea level rise of 5m by 2100 will move the coastline
far inland, if not prevented. In addition, a further 5m will be
vulnerable from the impact of an extreme tropical cyclone.
Much more land will be at risk.
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High tide will spread
through Beira
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Map 2.13: Beira in the High SLR scenario, after polar ice-melt
(timing uncertain). Red lines represent existing infrastructure;
yellow the port zone at risk; light green the sea shore at risk.
The blue line is the old coast line.

Map 2.13 shows the coastal strip to the east of Beira, and
the port and its facilities on the river. In a High SLR these
will lie below the new sea level. It is assumed that the old
city of Beira will remain protected. If the new coast is not
protected, the tide will flow over the land behind the city. In
such circumstances, the river will take a new course to the
sea, and the city and port area of Beira will become an island
separated from the mainland by the flooded low lying land.

As explained earlier, Mozambique might not be able to afford
to attempt to protect the port and city of Beira from such an
occurrence. It is the investigations by European authorities,
responsible for the adaption of the major estuaries of the
Rhone, Thames and Rhine to a 5m rise in sea level, that are
of most relevance here. The adaptation strategy is one of
managed retreat from the low lying areas along the coast, no
matter whether they are industrialized or not. There are two
important matters to be considered in Beira:

Should the strategic approach for Beira in the High Sea
Level Rise Scenario be to build the massive coastal
defences to try to protect the port and city from the sea,
and to build new road and rail links to the interior?

Or should the strategic approach be managed retreat,
with entry to the city limited beforehand, new urban
areas developed on high ground, and the port and its
facilities relocated upstream on the river?

These points illustrate the vulnerability of Beira to
catastrophic sea level rise. However, there are other locations
along the coast that are also vulnerable.

These levels can also be used to understand the vulnerability
of Quelimane to climate change. Quelimane is well upstream
in the lower reaches of the Sinais River. There is much low-
lying land on the south bank.

Map 2.14: Google Earth map of Quelimane.
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The Southern Region of Mozambique Maps 2.16a and b highlight the Limpopo and Incomati

estuaries. In both cases, the widening of the lower flood
The South is characterized by a relatively narrow coastal plains will increase the vulnerability to tropical cyclones
plain, with some large rivers, a sandy coastline which through the narrowing of the natural coastal spits where the
becomes muddy close to the rivers, and a shallow bight in rivers enter the sea.

Maputo Bay. The tides are moderate (2m in range), and the
coast is subject to occasional tropical cyclones (2 in the past

16 years). g - O vioo | Sateiite | ipria ] Terain |

In order to provide a broad indication of vulnerability to
climate change, an elevation map (Map 15) indicating the 5m
contour along the coast can be used to indicate the areas at
risk both from a sea level rise of 5m and from the impact of
an intense tropical cyclone.

* Hiatacuane .

4
. Ressano
' Garcia

’“ Manhoca- 1

Map 2.15: Elevation map indicating the 5m contour line for the
coastal zone of the South.

Though the rivers of the South are not as big as those of the
Centre, there is the possibility of disruption of communication
links owing to flooding. Inhaca Island is also at risk of
inundation. The flood plains of the lower Limpopo River
south-east of Xai Xai, the lower Incomati River north-east of
Maputo, the estuary at Maputo and the lower Maputo River
are likely to be particularly affected.

Wl Sea level rise: +5 m

(b)

Map 2.16: Google Earth map of the Limpopo (a) and Incomati
(b) estuaries.

The South remains susceptible to tropical cyclones as
illustrated by the two tropical storms and tropical cyclones that
have made landfall on the coast in the past sixteen years.
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The South is characterized by a relatively narrow coastal
plain, with some large rivers, a sandy coastline which
becomes muddy close to the rivers, and a shallow bight in
Maputo Bay. The tides are moderate (2m in range), and the
coast is subject to occasional tropical cyclones (2 in the past
16 years).
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Figure 2.16: Trajectories of TC Favio and TC Japhet.

Category Wind
Year and Name Landfall Date Strength speed
2003  Cat 4 Japhet South 2 March Cat2 167 kph
2007  Cat 4 Favio South 22Feb Cat3 185 kph

Table 2.15: Tropical cyclones of Category 1-4, storms (TS) and
depressions (TD) making landfall on the coast of Mozambique in
the period 1994-2008.

The two tropical cyclones, TC Favio and TC Japhet (Figure
2.16), were strong and both occurred very recently, raising
concerns of a southward shift of the tropical cyclones affecting
Mozambique. In addition, TC Favio approached the coast

of Mozambique after passing to the south of Madagascar,
which opens up a new pathway for tropical cyclones from

the Western Indian Ocean to approach Mozambique without
dissipating their strength over Madagascar. It should be noted
that both tropical cyclones moved northward into the interior of
the Centre after making landfall.

Map 2.17 illustrates the impact of TC Favio on the interior,
and its effect on people, roads and health facilities. This
provides an indication of the impact of future tropical cyclones
on the South.
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Map 2.17: The impact of a category 4 cyclone in the northern
part of the South.

The sea level observations made for the port of Maputo can
be used to illustrate the exposure of the South to extreme
sea level events and the need for coastal defenses. Table
2.26 can be constructed of annual extreme sea levels.
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Maputo 178cm 225cm 270cm 315cm 178cm
Protection Minimal  Low Medium High
Classes

Table 2.16: Annual Maximum Height in centimetres above
Mean Sea Level against Return Period in years, with Highest
Astronomical Tide for comparison.
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Figure 2.17: Maputo Port diagram.

The City of Maputo is situated on high ground. However, the
port of Maputo, its rail links and oil facilities are situated on
the nearby estuary. The estuary is sheltered from the impact
of a tropical cyclone making landfall from the sea, but is
subject to flooding.

Alow lying coastal strip, from the Marginal to the Costa do
Sol, is being developed. This area is in need of protection as
it is subject to coastal erosion, with roads and beach facilities

“Google
under attack from storms.

“"Google
Map 2.18: Google Earth maps of Maputo.

The extreme sea levels at Maputo need to be adjusted
upwards to take account of sea level rise and the likely
increase in intensity of the most intense tropical cyclones.
The coastal defenses would also need to be raised as the
sea level rises over the 21st century.
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Port 1year 10years 100 years 1000 years Scenarios
Maputo 178cm  225cm 270cm 315cm present
188cm  235cm 280cm 335cm 2030
198cm  245cm  290cm 355cm 2060 Low
SLR
208cm  255cm  300cm 378cm 2100 Low
SLR
278cm  325cm  370cm 435cm 2060 High
SLR
678cm  625cm  670cm 748cm 2100 High
SLR
Protection Minimal Low Medium High
Class

Table 2.17: Extreme sea levels expected at long return periods
at various ports and for the representative low and high sea
level rise scenarios.

There is a clear difference between the two scenarios. Under
all scenarios for Maputo in 2030 the coastal land and the
people living and working there are under threat from extreme
sea level events, and will need to be appropriately protected.
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Map 2.19: Maputo by 2030. The yellow shows the port and
railway area at risk; green represents the land at risk from an
intense cyclone coupled with storm surge and (still) gradual sea
level rise (below 10m); red is existing infrastructure.

The implications of the High SLR Scenario are much more
serious for Maputo, as much more coastal land will be at risk.

+
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Map 2.20: Maputo in the High LSR scenario, in the case of

polar ice melt (timing uncertain) leading to a sea level rise of
5m. The yellow depicts the port and railway area which will be
submerged; green represents the land at risk (below 10m) and
the new coastline; the blue line is the old coastline; the red lines
show existing infrastructure.

If not protected by new coastal defenses, a sea level rise

of 5m by 2100 will flood the entire area of the Marginal. In
addition, the port and its rail links will need to be gradually
relocated as the water rises. The new coastline will be
dominated by steep cliffs, which will make the development of
new coastal infrastructure difficult and expensive. However,
the city itself will remain safe on its high ground.

Vilanculos and Inhambane are two small ports in the northern
sector of the South. Vilanculos is a small port built on higher
land (approximately 10m) which makes it less vulnerable to
inland inundation. It is also protected by low offshore islands
with coral reefs. Coral bleaching might damage the offshore
corals and reduce their protective function from storms.

This combined with sea level rise and more intense

storms will lead to coastal erosion and affect beach facilities,
which must be taken into account when considering future
(tourism) developments.
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Map 2.21: Vilanculos by 2030 (left) and in the high sea level
scenario, timing uncertain (right). Red lines show existing
infrastructure. Yellow is the port area at risk of an intense
cyclone with storm surge at a time of gradual sea level rise.
Seashore marked in bright green is at risk below the 5m level.
The blue line on the right marks the old shoreline. Portions of
the port area are under water.

Inhambane is situated within a river estuary with higher land
protecting it from the open sea. The river is prone to flooding
and much of the town lies below 2m in elevation and is
similarly exposed to sea level rise.
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Hydrology and

river basin analysis

3.1 Hydrologic historical and baseline analysis
Dr. Kwabena Asante, Climatus and Agostinho Vilankos, DNA

3.2 Future impacts of climate change on river flow,
floods and saline intrusion
Dr. Kwabena Asante, Climatus and Agostinho Vilankos, DNA
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Hydrologic Historical and Baseline Analysis

Dr. Kwabena Asante, Climatus and Agostinho Vilankulos, DNA.

3.1a Introduction

3.1b Past trends in flow in Mozambican rivers

3.1a Introduction

This report presents an assessment of the impacts of climate
change on the hydrology of Mozambique. The assessment

is based on the integration of seven global climate models
downscaled with a regional climate model into two geospatial
hydrologic models. The results of the modeling are analyzed
to estimate changes in the magnitude and frequency of floods
and droughts as well as water availability in the river basins
that drain through the country. Coastal hazards which impact
the major river systems of Mozambique are also assessed.
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3.1b Past trends in ﬂow in Mozambican rivers

An analysis of past flows at river gauges in Mozambique
indicates that there are extended wet and dry phases which

can last for 20 years or more. While there are slight variations

in the period of the record, each of the stations selected
has approximately 50 years of annual records covering

the period 1950 to 2008. The stations used in the analysis
include Madubula (E-6) in the Maputo river, Goba (E-10) in
the Umbeluzi river, Ressano-Garcia (E-23) in the Incomati
river, Combomune (E-33) in the Limpopo river, (E-67) in the
Pungue river, and (E-91) in the Licungo river. The Zambezi
and other major rivers are excluded from this analysis
because of large data gaps exceeding 10 years (20 years in

the case of the Zambezi).
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Figure 3.1: Periods of occurrence of the four largest floods in

the six gauging stations.

In terms of frequency of occurrence, and based on the flood
alert level (“nivel de alerta”) defined for each gauge station,
floods occurred every 2.8 years in the Maputo river, 2.6
years in the Umbeluzi, 4.8 years in the Incomati, 1.6 years in
the Limpopo, 1.6 years in the Pungue and 2.6 years for the
Licungo. This implies that on average, Mozambican rivers are
currently expected to exceed the flood alert level every 2 to

3 years. However, very large floods exceeding 1.5 times the
flood stage occur much less frequently, about once every 15
to 20 years.

To study changes in flooding patterns, the four largest annual
flood peaks were selected for each station and graphs
produced to reflect ranking by year of occurrence. The graph
below shows the ranking of maximum flows observed at
various flow stations in some of the countries river basins.
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Figure 3.2: Periods of occurrence of the four largest floods in
the six gauging stations.

From the graph, it is clear that the 1950s were generally
devoid of large flood peaks. A period of large floods was
observed from the mid-1960s through the mid-1980s. Half of
all the 20 major flood events analyzed in this study occurred
during the decade from 1970 to 1980. This active period is
followed by a subsequent minimal flood activity during the
late 1980s and most of the 1990s. Major floods return again
at the beginning of 2000. This cycle of wetness and dryness
is also observed in rainfall datasets such as the Global
Historical Climate Network.

From the available data no conclusion can be made in terms
of trends on flood behavior.
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Future impacts of climate change on river flow,

floods, saline intrusion

Dr. Kwabena Asante, Climatus and Agostinho Vilankulos, DNA

3.2a Hydrological modelling methodology
3.2b Water Resources Impacts of Climate Change
3.2¢ Conclusions and recommendations

3.2a Hydrological modelling methodology

Figure 3.3 presents the assessment methodology used in this
study schematically.

Assessment Methodology

Global Climate Models

|ECHAM| | GFDL | | IPSL | |CCCMA| | CNRM | | CSIRO | | GISSs |

Downscaling Parameters ? ¢ Global Rainfall Climatology

Regional Climate Model

Current Rainfall T ¢ Regional Rainfall Climatology

Hydrologic Models

GeoSFM WRSI

Figure 3.3: Assessment methodology for this study.

The analysis is conducted for a 40-year historical period from
1961 to 2000, and for a 20-year future period going from
2046 to 2065. The analysis covers all drainage areas across
southern Africa for basins which flow into Mozambique.

Water resource conditions are determined by ingesting daily
rainfall and evaporation data in to the Geospatial Stream
Flow Model (GeoSFM). The daily rainfall analysis and
evaporation data are either historical data or the predictions
coming from the seven global climate models (ECHAM,
GFDL, IPSL, CCCMA, CNRM, CSIRO, and GISS) that were
downscaled to the region under study.

The water supply is determined from average river flow
conditions while flood conditions are based on maximum flow
during each year. The water demand analysis uses current
population and water usage information to construct future
condition assessments assuming current, high, medium and
low usage scenarios.

The study covered the following aspects:

« Stream flow analysis to estimate changes in the magnitude
and frequency of floods

» Droughts analysis to estimate tendencies in terms impacts
on rainfed agriculture

» Water demand analysis to estimate the water availability in
the river basins that drain through the country

+ River estuary inundation analysis to estimate coastal
hazards which impact the major river systems of
Mozambique

Stream flow analysis

To study expected climate-induced changes in the main
rivers basins of Mozambique, a hydrologic modeling

effort was undertaken to generate historical and future
hydroclimatologies. The historical hydroclimatology covers
the 40-year period from 1961 to 2000 while the future
hydroclimatology extends for the 20-year period from 2046
to 2065. The hydrologic modeling approach adopted in this
study involves coupling hydrologic models to a regional
climate model which is in turn coupled to a series of global
climate models.
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The hydrologic models used in the study are the Geospatial
Stream Flow Model (GeoSFM) and the Water Requirements
Satisfaction Index (WRSI). Both of these models were
developed by the US Geological Survey Earth Resources
Observation and Science Center (USGS EROS), and have
been used to support operation monitoring in many data
sparse settings.

The coupling was achieved through the exchange of rainfall
and temperature fluxes among the models. The global
climate models used in the study include ECHAM, GFDL,
IPSL, CCCMA, CNRM, CSIRO and GISS.

The model setup began with terrain analysis in GeoSFM to
derive modeling units for the eleven main Mozambican river
basins namely Maputo, Umbeluzi, Incomati, Limpopo, Save,
Buzi, Pungue, Zambezi, Licungo, Motepuez and Rovuma.

The analysis which used 1km digital elevation data from the
USGS resulted in 2577 subbasins, each associated with a
unique river reach. The typical subbasin covers an area of
about 1200km? while the river reaches are typically 45km
long. Connectivity among the subbasins is also established
during the terrain analysis. Topographical, soils and land
cover parameters required for characterizing the subbasins
for use in flow simulations were also extracted for existing
geospatial databases.

Figure 3.4: Sub-basin and rivers systems delineated with
GeoSFM for the Mozambique Climate Change Project.

Drought analysis

For drought analysis, a maize crop water requirements
satisfaction index (WRSI) was used as a drought indicator.
WRSI measures the adequacy of available soil moisture

to satisfy crop water needs during the various stages of its
development. WRSI has been shown to be a good indicator
of the impacts of drought on crop production since it is
linearly related to yield-reduction.

Water Requirement Satisfaction
Crop Performance

Index (WRSI)

100 to 95 Very Good — Good

94 to 60 Average — Acceptable
59 to 50 Poor

Less than 50 Failure

Table 3.1: Crop performance assessed based on the
water requirement being met as represented by the Water
Requirement Satisfaction Index (WRSI).

For this analysis, the WRSI algorithm was implemented at
daily time steps in a spreadsheet and integrated with rainfall
and evapotranspiration inputs which were extracted from
original geospatial formats using GeoSFM. A fixed start of
season was adopted to facilitate computation of the impacts
of climate effects during two distinct growing seasons.

The WRSI computation was performed for two distinct
90-day seasons beginning on October 1st for the Oct-Nov-
Dec season and January 1st for the Jan-Feb-Mar season,
respectively. The choice of a 90-day maize crop as an
indicator is based on its status as the main food crop in
the region.

Water demand analysis

The changes to stream flow computed using the hydrologic
model described above do not take into account water use
in the respective basins. Water use is typically composed
of municipal, industrial and agricultural demands. The
magnitude of these uses is a function of the population,
socio-economic conditions, type and extent of agricultural
and industrial activities as well as local cultural preferences.
With the exception of population, these parameters are
extremely difficult to predict with any accuracy since they
involve human choices and are easily influenced by both
local and global socio-political changes. Future population
estimates can be predicted more accurately since population
growth rates are quite stable in the absence of sudden
shocks such as conflicts.
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In this study, existing population growth rates are used with
current population estimates for 2000 to compute future
population estimates. Growth rates obtained from the World
Bank (2007) are Angola (2.6%), Botswana (1.6%), DR

Congo (2.3%), Lesotho (1.6%), Malawi (2.9%), Mozambique
(2%), South Africa (2.5%), Swaziland (2.5%), Zambia

(2.2%) and Zimbabwe (1.1%). These growth rates allow

both current and future water availability per capita to be
computed by dividing simulated median stream flow values
by projected total population upstream of any point of interest.
Basins experiencing water scarcity are identified using the
internationally used threshold of less than 1,000m?®/capita/year.
By comparing current and future maps of water availability,
river basins likely to become water scarce were identified.

The use of a universal water scarcity definition fails to
account for actual water use within the region. Water use
data for all the countries in the region is available from the
FAO Aguastats database. These datasets include sectoral
water usage rates for the municipal, agricultural and
industrial sectors in each country. National per capita water
usage rates were computed by summing up the individual
sectoral rates and dividing by national populations. Large
differences were observed in water use rates in the region.
Countries like South Africa and Zimbabwe have high usage
rates of about 250m?®/capita/year. Medium usage countries
such as Botswana and Malawi use around 100m?/capita/
year while low usage of around 25m®/capita/year is found in
Mozambique, Angola and Lesotho.

Four future water use scenarios rates were developed based
on these per capita water usage rates. The first involves
using current uneven water usage rates while the other three
scenarios assume equitable usage with the respective high,
medium and low per capita water usage rates mentioned
above. The results of this water management analysis are
presented under the respective river basin subsections of the
southern, central and northern region headings.

River estuary inundation analysis

The inundation extent associated with rising sea levels in
the estuaries of the river basins is also presented under the
respective river subsections. Most of the Mozambican coast
is protected by sand dunes formed through the deposition of
sand as a result of wind and wave action. The river estuaries
are low points in the band of protection through which sea
water can easily propagate inland. These estuaries are
vulnerable to the combined effects of chronic sea level rise,
tidal wave action and acute events such as tropical storms
and cyclones.

To identify the potential risk area, a severe impact scenario
involving the simultaneous occurrence of these events

was modeled using the values in Table 3.2 . These values
correspond to the estimations made relating to cyclones and
sea level rise for the period of 2046 to 2065.

Global Sea Tidal Rise  Cyclone-Induced Combined

Region Level Rise (above MSL) Storm Surge Event Total
North 0.2m 22m 0.3m 2.7m
Central 0.2m 3.6m 0.5m 4.3m
South 0.2m 22m 0.3m 27m

Table 3.2: Values used to model a severe impact scenario:

Elevation data from the Shuttle Radar Topography Mission
(SRTM) was used to characterize the shape of the river
estuaries in both their longitudinal and transverse directions.
The inundation extent is identified as the difference between
the final and initial elevation grids. The results of this analysis
are presented in terms of length of intrusion and spatial
extent of inundation for each river basin.
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3.2b Water Resources Impacts of Climate Change

An analysis of the differences between the historical and
future hydroclimatologies computed during this study was
conducted. These differences provide an insight into how

climate change is impacting water resources in Mozambique.

The main changes examined include changes in water
availability, the magnitude and frequency of flooding, likely
impacts of droughts on crop performance and the frequency
of total crop failure.

Figure 3.5 presents the results of the rainfall patterns
predicted by the seven GCMs used in this study (ECHAM,
GFDL, IPSL, CCCMA, CNRM, CSIRO and GISS).
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Figure 3.5: Changes in average annual rainfall for the
seven GCMs.

It is clear that the models behave differently, which will result
in different outcomes. In order to make sense of this, the
likelihood of different outcomes were examined. The analysis
uses the following classification:

Figure 3.6 presents the results from the seven GCMs based
on this classification system
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(5 to 7 models)

Figure 3.6: Average changes in the rainfall from the seven
GCMs and associated likelihoods.

Much of Mozambique is likely to experience slightly increased
rainfall. In the Limpopo, the increases extend throughout the
basin. In the Save and Zambezi basins, no change in annual
rainfall is expected in Tete and in portions of the basins
outside of Mozambique’s borders. The North is a patchwork
of slight increases and unchanged rainfall.
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Figure 3.7 presents the results of the water resource supply
predicted by the seven GCMs used in this study (ECHAM,
GFDL, IPSL, CCCMA, CNRM, CSIRO and GISS).
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Figure 3.7: Changes in the median river flow
for the seven GCMs.
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Figure 3.8: Average changes in the average river flow from the
seven GCMs and associated likelihoods.

The Limpopo and other southern basins are likely to see
increased water supply, whilst reductions are expected in
portions of the Zambezi and Save basins. Water supply is
unlikely to change for the northern basins. The Buzi and
Pungue are within the transition zone with no strong trends
in any direction.
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Figure 3.10 shows the results of the changes in the
magnitude for the flood risk hazard predicted by the seven
GCMs used in this study (ECHAM, GFDL, IPSL, CCCMA,

CNRM, CSIRO and GISS).

IPSL Model Flood Peak Change
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Figure 3.9: Changes in magnitude of flood peaks
for the seven GCMs.
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Figure 3.10: Average changes in the magnitude of floods from
the seven GCMs and associated likelihoods.

The magnitude of flood peaks will remain unchanged in most
of the region except for the lower reaches of the Limpopo,
Save and Pungue, where increases are predicted.
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Figure 3.12 presents the results of the changes in frequency
for the flood risk hazard predicted by the seven GCMs used
in this study (ECHAM, GFDL, IPSL, CCCMA, CNRM, CSIRO
and GISS) and the corresponding likelihoods.
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Figure 3.11: Changes in frequency of floods
for the seven GCMs.
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Figure 3.12: Average changes in the flood frequency from
the seven GCMs and associated likelihoods.

No clear pattern of change in flood frequency is expected

in the region. Small patches of slightly increased flood
frequency are expected in coastal catchments especially in
the central part of the country. Most other changes are minor
and occur in small headwater catchments.
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Figure 3.14 shows the results of the OND drought risk
predicted by the seven GCMs used in this study (ECHAM,
GFDL, IPSL, CCCMA, CNRM, CSIRO and GISS), and
corresponding likelihoods.
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Figure 3.13: Changes in median maize WRSI for the
Oct-Dec for the seven GCMs.
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Figure 3.14: Average changes in the OND drought risk from the
seven GCMs and associated likelihoods.

For the season OND, a slight increase in the risk of drought
is anticipated in the central part of the country extending into
Zimbabwe and Zambia. No changes in the risk of drought are
expected elsewhere.
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Figure 3.16 shows the results of the OND crop failure risk
predicted by the seven GCMs used in this study (ECHAM
GFDL, IPSL, CCCMA, CNRM, CSIRO and GISS) and
corresponding likelihoods.
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Figure 3.15: Changes in frequency of maize crop loss for
Oct-Dec for the seven GCMs.
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Figure 3.16: Average changes in the Oct-Dec crop failure
risk from the seven GCMs and associated likelihoods.

For the season OND, a slight increase in the risk of crop
failure is expected in central Zimbabwe, in southern Zambia
and in central Mozambique particularly around Tete. A few
isolated zones of improvement in the North are anticipated.
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Figure 3.18 shows the results of the JFM drought risk

predicted by the seven GCMs used in this study (ECHAM,
GFDL, IPSL, CCCMA, CNRM, CSIRO and GISS.) and

corresponding likelihoods.
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Figure 3.17: Changes in median maize WRSI for Jan-Feb
for the seven GCMs.
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Figure 3.18: Average changes in the Jan-Mar drought risk
from the seven GCMs and associated likelihoods.

For the season Jan-Feb-Mar, a slight increase in the risk of
drought is expected in central Zimbabwe. No changes in the
risk of drought are expected in Mozambique.
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Figure 3.20 shows the results of the JFM risk of crop failure
predicted by the seven GCMs used in this study (ECHAM,
GFDL, IPSL, CCCMA, CNRM, CSIRO and GISS) and
corresponding likelihoods.
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Figure 3.19: Changes in frequency of maize crop loss
for Jan-Mar for the seven GCMs.
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Figure 3.20: Average changes in the Jan-Mar crop failure
risk from the seven GCMs and associated likelihoods.

For the season JFM, no change in frequency of crop failure

due to drought is expected in Mozambique or the rest of
region.
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Figures 3.21 and 3.22 show the expected changes in per
capita water availability and the associated residual water
supply at current per capita usage rates.

Water Availability in 2000
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Figure 3.21: Changes in per capita water availability.
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Figure 3.22: Changes in the residual water supply at current
per capita usage rates. The unit cms refers to cubic meters per
second (m?/s).

Figure 3.23 presents three different scenarios - the residual

water supply at low, medium and high per capita usage rates.
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Figure 3.23: Changes in the residual water supply at low,
medium and high per capita usage rates. The unit cms refers
to cubic meters per second (m?s).

From Figures 3.23, it can be concluded that, increasing
populations will exert more water demand, and current per
capita water usage rates cannot be sustained in most basins
in southern Mozambique including the Limpopo, Incomati and
Umbeluzi. In 2050, the Shire Valley of the Zambezi river will
have water demands in excess of water supply under current,
high or medium water usage scenarios.

If medium water usage of 100m?®/capita/year is adopted by
all countries, most parts of the Limpopo and Incomati basins
will be able to meet projected water demands in 2050. Water
demands in the Umbeluzi and Maputo can only be met under
the low usage scenario of (25m®/capitalyear).
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Ocean tides are the largest natural forcing affecting sea water
intrusion into river systems. Table 3.3 shows the extent to
which this intrusion is already occurring. Sea level rise and
storm surge appear to be much smaller in magnitude. In terms
of area impacted, the Zambezi is the largest but the Save
could be more serious because of its long annual period of
low river flows. In terms of distance inland, the Limpopo is the
worst affected followed by the Incomati and Zambezi.

Distance Inland Area Impacted

BNES (in km) (in Km?)
Ligonha 5 6
Zambezi 28 240

Buzi 20 19

Save 16 170
Limpopo 29 83
Incomati 28 9

Maputo 11 5

Table 3.3: Sea water intrusion into river systems.

Distance inland refers to the distance inland that sea

level rise associated with storm surge will cause flooding
problems. Salt intrusion goes much further inland as
exemplified in the case of the Pungue river which is the main
source of drinking water for the cities of Beira and Dondo
and of irrigation water for the Mafambisse sugar estate in
Mozambique. The raw water intake for both water users is
located at about 82km from the estuary mouth. In dry years
the intrusion of salt water reaches the intake, which causes
the intake to be interrupted. This phenomenon may happen
in the dry season during spring tide. As a result pumping is
interrupted for several hours near high tide. This problem
has greatly affected the water supply to Beira, the second
largest city of Mozambique, as well as the production of the
Mafambisse sugar estate (Lamoree and Nilsson, 2000).

In the natural situation a minimum monthly discharge of
12m®/s is required to prevent salt water from reaching the
intake during the high water of a spring tide. The actual water
discharge upstream of the water intake will have to be higher,
since these minimum discharges do not take into account the
water abstracted to supply to the irrigation and urban areas
or a minimum discharge required to maintain the aquatic
ecosystem. Due to these current water abstractions salinity
problems near the water intake occur approximately 10% of
the time. An additional water abstraction of 5m?®/s will lead

to an increase in the salinity intrusion and a more frequent
closing of the water intake of approximately 10% of the time.
During neap tide the sand banks act as a temporary natural
salt intrusion barrier reducing the chance of salt water reaching
the water intake (S. Graas and H. H. G. Savenije, 2008).

Salt intrusion is also presently a problem in the Incomati river
which has a large development in irrigation. A minimum flow
of 5m?/s is required in the estuary just to control salt-water
intrusion. The same problem happens in the Limpopo which
also has large developments and investments in irrigation
and in the Zambezi. Vast areas of the interior of South -
Central Mozambique (Incomati, Umbeluzi, Limpopo and
Pungue) have lost land, through salt-water intrusion, resulting
from the low discharges of effluents (F. Tauacale, 2002).

The results of the hydrologic modeling are presented for
southern, central and northern regions of the country to
facilitate transfer of the results to decision makers.
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Southern of Mozambique

Rain

In southern Mozambique, six of the seven climate models
run indicate a tendency towards increased average annual
rainfall of about 25%. The only major exception to the
increased rainfall trend is the GFDL model which indicates a
tendency towards slightly reduced rainfall over the region.

The projected increases generally extend inland through
the entire drainage area of the Limpopo and basins to
its south. Rainfall in the upstream drainage area of the
Save in Zimbabwe is projected to remain unchanged or
slightly reduced.

However, the increase in temperature also results in a 10%
increase in reference evapotranspiration. This results in
some of the rainfall gains being lost particularly in the
warmer portions of the drainage area in Botswana and
parts of South Africa.

Droughts

The projected increases in rainfall result in only slight
modifications in crop growing conditions. This is because the
warmer temperatures also generate higher evapotranspiration
rates and consequently crop water requirements.

For the main growing season in JFM, five of the seven
models (ECHAM, CSIRO, CCCMA, GISS, CNRM), indicate
that the risk of damage to crops in southern Mozambique
remains unchanged. The driest model (GFDL), predicts a
zone of significant increase in drought risk centered on the
Save basin and extending southward into the Limpopo basin.
The wettest model (IPSL), predicts reduced drought risk over
the Limpopo basin.

The frequency of complete crop failure during the JFM
season is similarly unchanged with the wettest (IPSL)
predicting improvements in the Limpopo basin while the
driest (GFDL) predicts increased frequency of drought. The
remaining five models show most of the southern region
remaining unchanged but with isolated patches of reduced
crop failure frequency.

Taken together, the models converge on a prediction of
unchanged risk of drought and frequency of crop failure
during the JFM season.

The median model results for the OND season also indicate
unchanged drought risk in southern Mozambique. Four of

the seven models indicate unchanged drought risk levels
while two models (CCCMA and CNRM) indicate slightly
reduced risk levels (about 5%) and one model suggests slight
increases in drought risk.

The median frequency of crop failure in the OND season also
indicates minimal change but there is greater uncertainty

in this result because of greater divergence among

model results. While three models including the ECHAM,
CCCMA and CNRM, indicate the likelihood for widespread
improvements throughout the southern region, the GFDL and
GISS models indicate widespread increase in crop failure.

The seventh model contains a mixture of patches with
slight increases and slight reduction adjacent to each other.
This result indicates that changes in crop failure patterns
during the OND season are extremely sensitive to small
perturbations. It should be monitored closely as it could
provide an indication of the state of the climate.
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Floods

With regards to flood hazards in southern Mozambique, a
25% increase in the magnitude of large flood peaks was
identified along the main stems of both the Limpopo and
Save rivers. These increases were observed in five models
including the IPSL, ECHAM, CSIRO, CCMA and CNRM.
The GFDL and GISS models both recorded decreasing
flood magnitudes extending upstream into South Africa
and Zimbabwe.

Much weaker signals of changes in frequency of flooding
were observed with four of seven models indicating less
frequent or unchanged flood occurrences. Exceptions include
the CSIRO, CCCMA and CNRM which indicate increasing
flood risk but mostly in smaller sub-basins away from the
main stem.

Water Resources

Natural river flows are expected to increase in all basins
in southern Mozambique, a conclusion supported by five
of the seven models. The exceptions to this trend are the
GFDL which consistently predicts reduced river flows and
the GISS which predicts a patchwork of slight reductions
and slight increases.

When water usage is taken into account, the situation
becomes much less attractive. The population of the Limpopo
basin is expected to rise from about 14 million in 2000 to

46 million in 2050. Even with a 15% rise in natural river flows,
this would imply a 64% drop in per capita water availability

by 2050.

Similar three fold increases in population and 60-70% drops
in water availability are also predicted for the Incomati,
Umbeluzi and Maputo basins. A smaller drop of about

40% would be experienced in the Save because of lower
population growth rates in Zimbabwe.

If the current uneven usage rates are maintained or uniform
high usage rates are adopted across the region, the Limpopo
would become dry most of the year because extraction rates
would exceed the water available from natural river flows. The
Limpopo flows can only be maintained under median and low
usage scenarios while the Umbeluzi and parts of the Incomati
can only be maintained under the low usage scenario.

These results emphasize the need to reduce reliance

on these rivers by developing alternate water sources,
whilst avoiding the development of new agricultural uses
in these basins.

Coastal River Inundation

Map 3.1 shows that the rivers of southern Mozambique are
characterized by long, wide floodplains which are highly
susceptible to saltwater intrusion. The length of inland
penetration is almost identical for the Limpopo (29km) and
Incomati (28km) rivers. However, the area inundated by
saltwater in the Limpopo basin is much larger at 83km? than
the Incomati where only 9km? is impacted. The Maputo River
is also impacted with a depth of penetration of 11km and
inundation extent of 5km?.

|

Deep penetration in Limpopo
and Incomati basins

Distance Area

Rivers  Inland Impacted

Limpopo |29 km | 83 km?
Incomati | 28 km 9 km?
Maputo |11km | 5km?

Map 3.1: Inundated areas and salt water intrusion in the
Limpopo, Incomati and Maputo rivers.
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Central Mozambique

Rain

In central Mozambique, four of the seven climate models
indicate that most areas will experience a tendency towards
slightly increased rainfall while three models indicate rainfall
will remain unchanged. The exceptions to this trend include
Tete and the headwaters of the Save and Zambezi basins
in Zimbabwe and Zambia, where most models indicate
unchanged or even slightly reduced rainfall.

These upstream rainfall reductions could translate into
significant reductions in river flows as higher temperatures
increase evapotransipiration loss from open water bodies,
soils and vegetation.

Droughts

In terms of drought, central Mozambique is the most likely to
experience increased risk of droughts and crop failure. The
adverse effects are also more pronounced during the OND
season than in the JFM.

For the JFM season, four models (GISS, CSIRO, GFDL and
CCCMA) indicate pockets of slightly increased drought risk
stretching from the Buzi and Pungue basins into the Zambezi
basin near Tete. In three other models (ECHAM and CNRM),
the zone of increased drought risk is centered farther inland
over Zimbabwe. The IPSL model shows no increase in
drought risk.

All seven models indicate minimal or no change in the
frequency of crop failure. The main message from the
JFM drought analysis is that a zone of increased drought
risk centered over Zimbabwe and probably stretching
into Mozambique could have important implications for
transboundary water usage and agricultural trade in the
region during the during the JFM season.

The extent and severity of the drought risk increases during
the OND season. At least five models indicate large increases
in drought risk (>25%). The zone of increased risk covers
most of Zimbabwe, Zambia and the areas of Mozambique
around Cahora Bassa. In two of the models (CSIRO and
GISS), coastal areas of central Mozambique, extending
across the Pungue and Buzi basins are also affected.

The median frequency of crop failure is also enhanced with
many areas showing between 10% and 20% increases

in frequency of failure. This increased failure is especially
enhanced in three models (CSIRO, GFDL and GISS).
However, two models (CCCMA and CNRM) show almost
no change in frequency of crop failure while two models
(IPSL and ECHAM) actually show decreasing frequency

of crop failure.

The consensus from these models seems to be that there will
be a zone of increased crop loss within the drainage area of
the Centre but there is disagreement among the models on
the exact location of the zones.

Floods

Increase in flood hazards does not appear to be a concern in
most of the Centre. Large portions of the interior of southern
Africa are predicted to experience minor decreases (IPSL,
ECHAM and CNRM) or even widespread, large decreases
(GFDL and GISS) in the magnitude of flood peaks. The main
exception to this trend is a zone of increased flood peaks
centered near the Caprivi Strip where Angola, Botswana,
Namibia, Zambia and Zimbabwe meet. This zone of
increased risk is particularly enhanced in model runs with
CSIRO and CCCMA inputs.

However, the flood magnitudes downstream of this area

fall to normal or slightly below normal. This is because of
reductions in the flows from surrounding tributaries originating
in other parts of the interior which are experiencing reduced
runoff generation.

The frequency of flooding is generally expected to reduce
slightly across the region except for a few isolated patches
of slightly enhanced frequency in coastal watersheds in the
Pungue and in the middle Zambezi near the Caprivi Strip.
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Water Resources

In terms of water resources, coastal basins in central
Mozambique such as the Pungue and Buzi are expected to
experience increases in streamflow while the Zambezi which
originates in the interior of the continent is expected to see
reduced streamflow.

Reductions in the river flow of the Zambezi about 15% are
predicted by all models except IPSL. This model predicts
that coastal enhancements will be sufficient to overcome
reduced flows from the interior. In any case, the coastal
enhancements are unlikely to be felt at Cahora Bassa where
flows are stored for hydropower production. Actual flow
reductions in the Zambezi could be much larger given the
increasing risk of droughts and the growing population within
its drainage area.

Assuming current population growth rates, per capita water
availability is predicted to fall from about 1900m?/capita/year
in 2000 to about 500m?®/capita/year by 2050. Using current
national per capita water usage rates, it is estimated that
actual discharge entering Mozambique could be reduced

by about 25% percent by mid-century. Under the high and
medium equitable water usage scenarios, discharge would
drop by 44% and 14%, respectively. The exception to this
trend is the Shire Valley where many river reaches will be
over-allocated under current usage, medium and high usage
scenarios by 2050. Elsewhere in the Zambezi, there appears
to be enough water to meet water usage needs in spite of the
impacts of climate change and population growth. However,
no specific analysis has been conducted to access how

the changes in the timing or reliability of flows could impact
hydropower production. Given the importance of Cahora
Bassa to the Mozambican economy, it is important to devote
additional resources to study the timing and economic
implications of these flow reductions on power production
and to develop strategies to mitigate these impacts.

The Buzi and Pungue both have adequate water resources to
meet demand from expected population and climate changes
under current water use regimes. The Pungue can also
support the low and medium water use scenarios but not the
high scenario, whilst the Buzi has adequate water to meet all
four water use scenarios.

Coastal River Inundation

Central Mozambique is the worst impacted in terms of area of
inundation by salt water intrusion. In the Zambezi delta, over
240km? of land could be impacted with inland penetration

of about 28km. The marshland vegetation in the delta could
provide some natural resistance to this intrusion. High flows
associated with annual flooding of the Zambezi could also
help to wash back some of the saltwater.

However, conservation of marshland vegetation and
ecohydraulic management of the Cahora Bassa reservoir
releases are required to ensure that these restorative
processes occur. The Save basin would also be heavily
impacted with an area of 170 km? stretching 16km inland
inundated. The northern bank of the Save River, extending
from Machanga to Divinhe could be the most impacted by the
inundation. In the Buzi, the inundation covers a small area
(19 km?) but it extends far inland (20km), as shown in the
Map 3.2.

Large impact zones in
Zambezi and Save basins

Distance Area

Rivers Inland Impacted

Zambezi | 28km | 240 km?
Zambezi g i 20km | 19 km?
Save | 16km | 170 km?

Map 3.2: Inundated areas and salt water intrusion in the Zambezi
and Save basins.
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Northern Mozambique

Rain

The climate simulations point towards increased rainfall
in northern Mozambique. Four of seven models indicate
that rainfall increases of about 15% could be experienced
throughout the region while three other models indicate
the likelihood of only localized or minimal changes in
annual rainfall.

Since most of the river basins in this region are internally
draining, the region offers the best opportunity for Mozambique
to benefit from the positive impacts of climate change
independent of the actions of neighboring countries. However,
few changes of major consequence are expected in this region.

Droughts

In terms of drought, all seven climate models indicate that
there will be no change in drought risk or the risk of crop
failure in northern Mozambique during the JFM season. No
special adaptations are needed to account for the effects
of climate. However, changing populations could increase
pressures for land conversion to agriculture from other
existing land uses.

For the OND season, median predictions are similarly devoid
of changes in drought risk. However, there is less certainty in
the results as the CSIRO model indicates increased drought
risk, particularly along the Malawian border.

The situation is considerably less certain with regards to the
frequency of crop failure. Three models (IPSL, ECHAM and
CNRM) indicate much less frequent incidents of crop failure
while three other models (CSIRO, GFDL and GISS) indicate
much more frequent crop failure. The CCCMA model predicts
minimal changes over the region but with isolated patches of
reduced crop failure.

When these model results are taken together, the median
prediction for the OND season calls for mild reductions in
frequency of crop failure in coastal areas and no change
elsewhere in the region.

Floods

With regards to changes in flooding, there are mixed signals
in the northern region. No changes in magnitude of flood
peaks were simulated in the interior part of the region. By
contrast, most coastal watersheds recorded large changes
in flood peaks in model results. The changes were a
patchwork of both increased and reduced flood peaks with
a higher number of watersheds showing increases. These
results indicate that while the climate models have some
difficulty figuring out exactly where rainfall events will occur,
there is a general expectation of increased flood peaks

in small watersheds wherever storms make landfall. The
prediction with regard to the frequency of flooding is a similar
patchwork of increasing and decreasing frequencies in
isolated watersheds. More watersheds showing increases
in frequencies than decreases but the clustering needed to
confirm a consistent trend of change is absent.

Water Resources

Most models agree on the absence of change in the
simulations of streamflow. Two small areas show minor
deviations from this trend. The southern portion of the
region shows reduced streamflow in CCCMA and CSIRO
simulations. The northern tip of the country near the mouth
of the Rovuma River shows a region of increased water
resources the IPSL, ECHAM and CNRM models.

Uneven water usage rates are really not a consideration

in this region since most of the rivers are entirely within
Mozambique. At current per capita usage rates, all river
reaches have adequate water to meet demands until 2050.
However, with an increasing population, about 60% of river
reaches could become water scarce by 2050 compared to
25% in 2000.

Coastal River Inundation

Map 3.3 shows that saltwater intrusion does not pose a major
problem for the river systems of northern Mozambique. This
is because the terrain is generally more rugged with steeper
slopes along the river channel. Typical longitude slopes are
about 3m per kilometer near the mouth. The distance of
inland penetration for the Licungo and Ligonha are 4km and
5km, respectively. The area inundated in the Licungo is 2km?
three times as large as that of the Ligonha.

Minimal impact in northern basins
due to relatively steep terrain

Distance Area

Rivers Inland Impacted
Ligonha 5km 6 km?
Licungo 4 km 2 km?

Map 3.3: Inundated areas and salt water intrusion in the Ligonha
and Licungo rivers.

These impacts are relatively mild compared to other parts of
the country.
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3.2¢ Conclusions and recommendations

This study has found that considerable uncertainty surrounds
the magnitude of the hydrologic impact of climate change

in Mozambique. However, some clear spatial patterns of
change have emerged which can form the basis of future
adaptation planning. These include the region of drought
centered in the interior of the continent over Zimbabwe, the
increase in coastal rainfall, and reduction in drought risk in
northern Mozambique during the OND season.

The main conclusions from this study can be summarized as:

* Increased drought risk and frequency of crop failure is
predicted for the OND growing season in an area centered
over Zimbabwe and extending into parts of Zambia and
central Mozambique.

» During the major growing season in JFM, no change
in either drought hazard or frequency of crop failure is
expected in Mozambique.

* No change in drought profile is expected in most of
northern and southern Mozambique during the OND
growing season. A slight decrease in frequency of crop
failure may even occur in northern Mozambique.

* The Zambezi, whose drainage area lies in the interior of
the continent, is likely to see a reduction in annual flow
which could impact hydropower generation.

* River basins in central Mozambique, including the Save
and Buzi, could see increases in magnitude and frequency
of flooding, particularly in coastal catchments. The Limpopo
could also see increases in magnitude of floods.

* Increased precipitation in coastal sub-basins is expected to
result in increase in internally-generated runoff which can
be managed within the country.

» The Limpopo, Save, Pungue and some rivers in northern
Mozambique will experience an increase in natural water
resources.

* Increasing populations will exert more water demand, and
current per capita water usage rates cannot be sustained
in the most basins in southern Mozambique including the
Limpopo, Incomati and Umbeluzi. In 2050, the Shire Valley of
the Zambezi river will have water demands in excess of water
supply under current, high or medium water usage scenarios.

« If medium water usage of 100m?/capita/year is adopted by
all countries, most parts of the Limpopo and Incomati basins
will be able to meet projected water demands in 2050.
Water demands in the Umbeluzi and Maputo can only be
met under the low usage scenario of (25m?®capita/year).

« Ocean tides are the largest natural forcing affecting sea
water intrusion into river systems. This intrusion is already
occurring now. Sea level rise and storm surge appear to be
much smaller in magnitude. In terms of area impacted, the
Zambezi is the largest but the Save could be more serious
because of its long annual period of low river flows. In
terms of distance inland, the Limpopo is the worst affected
followed by the Incomati and Zambezi.

General recommendation on possible adaptation measures:

Water Supply Management

» Develop strategies to improve capture and storage of
internally-generated runoff in both urban and rural areas

» Develop off-stream storage infrastructure to store excess
flood waters for use in drought years

Policy Initiatives

» Pursue a regional policy of equitable per capita water use

» Adopt demand management policies such as limiting new
surface and ground water developments in water scarce
sub-basins

Protective Works

» Evaluate the construction of river locks to prevent
salt water intrusion

» Evaluate injection wells and other hydraulic barriers
to saltwater intrusion

Climate adaptation is more effective when it enters existing
local and national planning processes as a variable which
influences investment choices rather than as a standalone
project or program of work.

88



Agriculture: INGC Climate Change Report

IL.and use and

food security analysis

4.1 Land use and land cover historical and baseline analysis
Jacinto Mafalacusser, IIAM and Dr. Mario Ruy Marques, 1AM

4.2 Impacts of climate change and socio economic developments
on land use and land cover - potential effects on crop yields
Dr. Mario Ruy Marques, 1AM, Jacinto Mafalacusser, 1AM,
Prof. Rui Brito, UEM, Dr. Marc Metzger, University of Edinburgh and
Dr. Mark Tadross, UCT

89



Agriculture: INGC Climate Change Report

Land Use and Land Cover historical and baseline analysis

Jacinto Mafalacusser, IIAM and Dr Mario Ruy Marques, [IAM

4.1a Introduction

4.1b Methodology and Procedures

4.1a Introduction

The world’s climate is changing rapidly: projections from
models for the current century suggest an increase in global
average surface temperatures of between 1.4 to 5.8 °C by
2100 (IPCC, 2007). Yet the impacts of climate change are
likely to be highly variable, spatially. Rainfall increases are
likely in temperate areas, whereas the tropics and sub-
tropical regions are likely to experience decreases in some
areas (IPCC, 2007). At the same time, weather variability is
likely to increase, with Africa being particularly badly affected
by climate change, and the Sub-Saharan and Southern Africa
regions liable to experience the most extreme conditions.

The natural effects of climatic variability in fragile ecosystems
are exacerbated by the interactions of indirect socio-
economic drivers, where human population growth patterns,
the flow of the rural population to major urban centers, and
high rural poverty indices are just some of the features
which exert a strong pressure on the resilience of agro-
ecological and social systems. Based on these current and
future trends, and in order to cope with indeterminate natural
hazards, there is a need to quantify future change using
multiple climate models and to understand what the climate
scenarios can and cannot say about the future.

This assessment is supposed to make a significant
contribution to increasing the adaptive capacity of several
rural communities and local institutions to climate variability
and the expected effects of future climate change. This
involved identifying and testing options to increase the
adaptive capacity of the system at different levels, including
farmers, communities, institutions, and government, through
the use of natural synergies that exists between the expertise
of the different partners.

Given the wide diversity of environments, agricultural
production systems and economic organization in the
country, the approach adopted for this assessment has
been to:

* Analyze the nature and distribution of land resources
relevant to agriculture

» Determine to what degree and extent land resources are
currently used

» Predict their potential agricultural use, yield gap analysis
and associated mitigation measures, i.e. how improved
land utilization types will contribute to high suitability
conditions and to what extent

» Determine what would be the changes in terms of land
suitability resulting from climate change
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4.1b Methodology and Procedures

A range of innovative integrated methodologies have been
followed/used in this assessment. First, to quantify the
magnitudes of the effects of climate variability and change on
the productivity of agricultural resource bases (rainfed crop
production, extensive livestock production, agro-forestry, tree
crop plantations, among others), and secondly how these
changes affect rural households. To achieve this spatial data
layers related to agricultural land utilization types (production
systems), land cover, natural resources, and fragile
environment systems were collated and documented.

The current and potential scenarios for the classification

of the land utilization suitability has been assessed with a
dynamic and automated land evaluation system (ALES),
which operates on the basis of a decision-tree model for each
land utilization type, matching its eco-physiological and socio-
economic requirements, with the relevant land/environment
attributes, i.e. soil, terrain and climate characteristics/qualities
(Rossiter, 1997).

The system results in the simulation of crop yields/
performance under different levels of management, where
observed yields are associated with prevailing traditional
small holder low input farming systems, and potential yields
corresponding to limitation free highly managed commercial
crop production systems.

The selected crops for this study include cassava, maize,
soya, sorghum, cotton and groundnut. This gives a
combination of different crops grown mostly under rainfed
conditions, and represents different crop types that react
differently to changes in temperature and rainfall patterns.
These selected crops were used to produce the land
suitability maps under current conditions, and the land
suitability maps under climate change for three different
models (IPSL, ECHAM, and GPDL).
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Legend
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Land suitability map for cassava under climate change
according to the ECHAM model.

W Very suitable
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B Moderately suitable
Marginally suitable
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W Water bodies

Land suitability map for cassava under climate change
according to the IPSL model.

W Very suitable

W Suitable

B Moderately suitable
Marginally suitable
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Land suitability map for cassava under climate change
according to the GFDL model.

Map 4.1: land suitability maps for cassava, under the current condition and under climate change based

on three models (ECHAM, IPSL and GPDL).

Map 4.1 shows the land suitability maps for cassava, under

the current condition and under climate change based on
three models (IPSL, ECHAM, and GPDL). These maps

have five different suitability classes (very suitable, suitable,

moderately suitable, marginally suitable, and not suitable).

Each of the maps resulting from the climate change (ECHAM,

IPSL and GFDL) were then compared to the current

conditions and classified according to five different classes:

« Significant Reduction in Risk, equivalent to a change to a
better suitability class in two levels

« Slight reduction risk, equivalent to a change to a better
suitability class in one level

» No Significant Change, equivalent to no change in the
suitability class

« Slight Increase Risk, equivalent to a change to a worst
suitability class in one level

« Significant Increase in Risk, which is equivalent to a
change to a worst suitability class in two levels
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Figure 4.1: land suitability changes for cassava, under the current condition and under climate change
based on three models (ECHAM, IPSL and GPDL).

Figure 4.1 shows the result for the three different models
(ECHAM, IPSL and GFDL), and the average change resulting
from all three models.

The following discussion and analysis of the climate change
impacts is based on these maps.
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Climate data

Climate data and figures used in the current analysis are the
result of historical (trends) in the climate of Mozambique and
those projected for the 2046 and 2065 period, from a set of 7
downscaled GCMs (Tadross, 2008).

The records and projections were derived from daily
temperature and rainfall measurements since 1960 from
32 synoptic weather stations around Mozambique which
were supplied by the meteorological agency (INAM).
Only 27 stations with sufficient data for rainfall and
temperature have been used as the basis for interpolation
for the remaining 108 climate stations that the current
Mozambique Land Evaluation System uses for deriving
crop suitability classifications.

Due to time constraints on running different simulations, only
three of the seven downscaled GCMs were used. The first
one (IPSL) represents the wettest conditions, the second
(ECHAM) represents average conditions and the third
(GFDL) represents the driest conditions.

Zoning

The zoning of Mozambique was prepared to represent a
macro-analysis regional framework for the spatial macro-
analysis, discussion and presentation of the assessment
outputs. Three zones are based on the regional/provincial
administrative division of the country i.e. South (Maputo,
Gaza and Inhambane provinces), Central (Tete, Manica,
Sofala and Zambezia), and North (Nampula, Cabo Delgado
and Niassa). The fourth zone is the coastal zone, most
vulnerable to cyclonic activity. It is where most socio-
economic infrastructure currently exists, and is associated
with dominant patterns of population settlement. The

fifth zone represents the river flood plain systems, most
vulnerable to both floods and water stress. Map 4.2 presents
the land zoning for the specific purposes of the current
assessment exercise.

Legend
Coastal
Floodplain
MNorth

Central
South

Water bodies

Map 4.2: The five different land zoning used in this report
(Coastal, Floodplain, North, Central and South).

Table 4.1 gives a general description of most important
agro-ecological features for each of the zones.
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Agro-ecologies

REMEN

il
(mm/year) Soil types

Most important crops
Name

Inland South Semi-arid to arid Interior South 400-600 Sands to Loamy-clays
Floodplain South Semi-arid and Coastal 600-1000 Vertisols and fluvisols Cassava, maize, groundnuts, and sugar cane
Coastal South Semi-arid Coastal South 500-600 Deep Sands
Inland Central Mid-elevation Central 1000-1400 Sands and Clays
Cassava, maize, rice, sorghum, and sugar cane
Coastal Central Coastal Central 1000-1400 Vertisols and fluvisols
Floodplain Central Dry Semi-arid Zambézia and Tete 500-800 Sands-clays ) )
Cassava, maize, groundnut, sorghum, rice and
Inland Northern Interior Central and North 1000-1400 Sands-clays cotton
Coastal North Coastal North 800-1200 Mostly sands, clays on a Cassava, maize, rice and groundnuts

small scale

Table 4.1: General description of most important agro-ecological features for each of the five zones.

Source: Modified after INIA (1996) and Walker et al. (2006).

Inland Zones (North, Central and South):

The two dominant agro-ecologies are the Inland Central

and North, most represented by the high altitude region.
Collectively, agro-ecologies that are serviced by the Central
zone (inland, coastal and floodplain) contribute more than 30%
to the value of production. The more dynamic maize-producing
zones with significantly more production per household are
the mid-elevation and flood plain zones, of the Central Zone,
where mean annual production per household approaches

or exceed 800kg. Rice production particularly under rainfed
conditions on hilly and mountainous terrain is common.

Inland North and Central:

Agro-ecology corresponding to the Inland North produced
most of the sorghum particularly in the period 2002-03. Given
sorghum’s role as a food security crop for a considerable
number of households in Nampula province, it is important for
the inland North. High-yielding, short-matured, photo-period
insensitive varieties are not well adapted to the growing season
conditions of Northern Mozambique. Rainfall at planting is
uncertain and the risk of rainfall at harvesting is high.

The agro-ecologies of the interior North and Centre also
contributed more than 20% to the value of production of
cassava. In 2001-02, households produced on average
more than 1.5 metric tons. Economically, groundnuts are the
most important grain legume and are produced throughout
Mozambique, but agro-ecologies in the inland and coastal
North account for over 60% of production.

These agro-ecologies are the only areas where mean
production approaches 100kg per household in severe
droughty years like the 2002/03 crop season. Average yields
under normal rainfall conditions and for small holder farmers
approaches 500kg in southern regions and up to 1,000kg in
the Centre and North.

The inland Central and North is probably the most dominant
zone in that part of the country. The floodplain is mainly
characterized by very V-shaped narrow river valleys, where
the flood plains is almost limited to river terrace systems or
low lying transitional slopes from the drainage lines and the
intermediate slopes.

The inland Centre and North corresponds to the extensive
middle altitude region of Zambezia, Nampula, Niassa and
Cabo Delgado, and it includes land with altitudes ranging
from 200 to 800m, corresponding to subplanaltic, low
planaltic and mid-planaltic regions in Zambezia, Nampula
and southern Niassa and Cabo Delgado Provinces. The area
consists of a slightly undulating terrain, with alternation of low
hills (interfluves) and valleys.

The altitude of the plain varies from about 200 to 500m, while
the characteristic feature of the area, the inselbergs, presents
altitudes from 600 to 1,200m, often with steep slopes and
bare rocks.

Annual rainfall for most of the areas between 200 and 500m
ranges from 1,200-1,400mm, whereas the inland mid-
planaltic region annual rainfall is about 1,000-1,200mm. A
relatively sub-humid dry region with lower annual rainfall
dominates the southern part of Niassa, Cabo Delgado and
the northern of Nampula Provinces, where rainfall is between
800 to 1000mm. There is a great soil variation across this
region. The largest part of the area, approximately 75%,
including Inselbergs and valleys, has soils derived from
quartz-rich rocks (granites and gneisses). The soils from the
upper parts of the interfluves of the area are deep, reddish to
brown, well drained, with sandy topsoil overlying a medium to
heavy textured soil.

The soils of the midslopes and lower slopes of the interfluves
are sandy, brownish to grey, sometimes with small rock
fragments of quartz or iron-manganese, concretions like, in
the subsoil. The soils of the valleys and dambos (shallow
valley floors) are deep and dominantly sandy textured,

but also stratified and clay soils occur. About 25 to 30%

of the area consists of rock-outcrops. Major limitations for
agricultural development are soil depth, soil erosion, and
soil fertility. Quite a substantial part of the region is under
cultivation or under conservation status or under forest land
concession for logging.
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Inland South:

Maize is important for food security in the South. Value of
production in the three southern agro-ecologies, i.e. inland,
flood plains, and coastal, totals more than $10 million (Walker
et al. 2006). The highly visible Chokwe irrigation district in
agro ecology corresponding to inland South and partially
floodplain South only contributed about 9% to the national
value of production of $18 million in 2001-02.

Cultivated land according to the forest inventory (UIF, 2007),
accounts for approximately 25,500,000ha (IIAM, 2008),

with inland zones (North, Central and South) representing
76% of the total cultivated land. The inland Southern zone
experiences quite distinct environments regarding its
potential for agricultural development. It is dominated by
land subject to moderate to severe drought risks, showing
strong seasonal and dry climate which combined with coarse
textured and/or gravelly and stony and/or rather shallow soils
cause pronounced soil moisture deficiencies. Rainfed food
crop production and commercial crop production is of high
risk. Irrigation is a major mitigation management issue if any
production is likely to be achieved.

The inland flat to very gently undulating sandy plains
deposited over old distinct grey and brown mottled plastic
clay deposits, consist of Mananga soils. The Mananga soils
have been classified according to the thickness of the sandy
top layer and its colour is related to drainage and to thickness
of the sandy cover. The shallow sandy plains (sand sheets)
are composed of coarser or finer sands, depending on the
underlying Mananga or post-Mananga mantle: an argillic,

a natric or a cambic horizon developed in the Mananga
material below the sandy top layer. Very often their sub-soils
are saline/or sodic.

The Mananga soils are highly erodible. The sandy clay loam
textured subsoil’'s compact easily when wet and become
capped when dry. Drainage is a problem. Banks of open drains
needs protection against erosion. Exceptionally good surface
water management and irrigation scheduling are required.

The shallow sandy plains (sand sheet) have low available
moisture capacity, low intake rate and poor drainage
conditions (compact horizon under the sandy top layer),
which again make good irrigation scheduling essential.
Installation of drains is essential to avoid soil toxicity and
salinity problems. The easily dispersed topsoil is highly
erodible. Sheet erosion and eolian reworking are at the
origin of this layer.

Coastal Zone:

The three coastal zones (south, central and north) with about
20% of maize production present a daunting challenge.
Maize does not enjoy a comparative advantage in these
agro-ecologies, but it will be an important commaodity there
for many years to come. Lowland maize has been difficult to
improve; few varieties are well-adapted to lowland conditions.
Mean production is only about 250kg per household.

Coastal Central and North are considered dominant
agro-ecologies/zones for rice production. Production per
household was low in 2001-02. Only agro-ecology of the
Coastal North produced significant yields above 80kg.

Coastal North has been reported to be also important in
terms of cassava production, a crop showing significant
adaptation to dominant agroecologies. Since the late 90s,
cassava has been afflicted by several sources of biotic stress
mostly brown streak disease and mosaic virus; however,
there is still no clear evidence that such stress results from
any moisture or soil fertility stress or hazards. Together with
the Inland North zone, it accounts for more than 60% of
groundnut production, being probably the most important
grain legume crop in the region.

Northern Coastal Zone:

The Coastal North zone corresponds to the coastal littoral
north of Nampula and Cabo Delgado, and it consists of a
narrow coastal strip of land from Moma up to the northern
parts of Cabo Delgado, with an average altitude <200m.
Rainfall across the region ranges from 800mm, in the
northern and southern parts of Nampula and Cabo Delgado
Provinces respectively, to 1,200mm in the southern of
Nampula Provinces.

The soils follow the dominant toposequence. Parts of the light
and coarse textured soils on the slightly higher and top-flat
terrain of the sandy dunes, alternate with the alluvial soils of
the floodplains of major rivers draining into the sea, and with
hydromorphic mineral and organic soils of swales, seasonally
flooded. Rice cultivation (paddy rice and surface sub-basin
irrigated rice) is common in Moma, Angoche, and Monapo
and Mussoril districts. The wet baixas (depressions) crops
like rice, sugar cane, banana, vegetables and sweet potato
are preferred, whilst in the less wet baixa, maize, sweet
potato and vegetables are mainly grown.

The agricultural potential for several food and industrial

crops is large because of the prevailing climate conditions,

in the southern parts of the country. A major constraint is

the population levels in the area. This results in a lot more
pressure on the available land resources. Nampula is the
province shows the highest population densities in the country.
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Central Coastal Zone:

The Central Coastal Zone is again quite an extensive region
which comprises two major land systems, i.e. the beach ridge
land system, corresponding to the freshwater environment,
and the coastal plain which corresponds to the saline
environment, under active influence of the tides, associated
with the estuarine plains.

As with the results described earlier, and particularly for
Zambezia and Nampula provinces, the Central and Northern
Coastal Zones are dominated by commercial coconut
plantations, which dominate the wider sandy ridges, while
the narrow parallel sandy beach ridges are occupied by small
holder farmers, where the main crops are coconut, mango,
cashew, banana, as well as food crops like cassava, sweet
potato and maize.

The sandy ridges are alternated with depressions/swales
running parallel to the coast in most cases, where the small
holder farmers normally grow rice during the wet/rainy
season, while sweet potato, maize, cowpea are grown on
manmade ridges as a major soil and water conservation
practice to improve drainage conditions for crop growth.

The coastal plain is an extensive flat terrain system showing
a complex network of small creeks communicating with sea
tides. It is practically flooded during the wet season. It shows
severe constraints for agricultural development because

of the high salinity hazard, poor to swampy conditions,

very heavy soils, and access difficulties. Under such soil
and water prevailing conditions, it allows for rice cultivation
but on a very marginal condition. These areas are further
limited during the dry season owing to poor water quality

for irrigation because major rivers and tributaries suffer
from severe salt intrusion thus limiting its potential for crop
production. The area is mainly covered with mangrove
forests. Livestock on extensive communal pastures may

be an option to consider to crop production.

South Coastal Zone:

The South Coastal zone accounts for 50% of the total
cultivated land for the respective zone. Both Coastal South
and North together account for more than 80% of the

total cultivated Coastal land mostly due to the dominant
fruit tree cropping systems, where fruit tree crops such as
cashew and coconut play an important role in the traditional
socio-economic, culturally and environmentally traditional
agricultural systems. As distinct from land, which is a
common resource, trees planted are normally seen as the
personal property of the individual who planted them.

The value of any harvest therefore can, and does, accrue to
the individual, whether male or female, to use for whatever
purpose. This also further contributes to land security rights.
The Southern Coastal zone offers a greater potential for fruit
tree crop development, once the area is more vulnerable

to drought events and tree crops are able to develop
eco-physiological mechanisms to cope with extended
moisture stress conditions.

The planting and tending of trees carries only a small risk of
failure and does not impose itself on the grower in order to
remain reasonably productive. It also plays an environmental
role by acting as a wind break barrier mitigating potential soil
erosion hazards along the coastal line.

Another important feature, which may represent a significant
contribution for crop production in terms of the Coastal
South Zone, because of its strategic natural conditions, are
wetlands. Wetlands are ecosystems, which have recently
commanded quite a lot of attention. The need for their
sustainable development warrants further attention. The
importance of wetlands is related to their potential to retain
large volumes of water, which can be used for system
maintenance and for dry season agriculture.

According to Gomes et al. (1997), the Southern Coastal
zone of Mozambique is characterized by arid and semi-arid
climates together with light/coarse textured soil having low
available water content (AWC). Here, according to Reddy
(1986), 50% of the area has soils with an AWC less than
100mm/m and 25% less than 50mm/m. This exacerbates the
risk of drought and most of the area has a chance of dryland
crop failure over 50%.

The mean annual rainfall decreases from 800-1,000mm

near the coast, to less than 400mm in the interior, mainly
concentrated during the rainy period between October and
April (Reddy, 1986). Associated with this pattern of rainfall
distribution, are the heavily populated coastal zones and high
land use intensity (Snidjers, 1986). This is despite the low
fertility of these soils and resulting low yields.

To address these adverse conditions, farmers usually
cultivate the lowland areas where the residual soil water
content can be used for crop growth. The main limitations
are: a) high investments to promote drainage and prevent
floods, b) bad soil structure associated with low infiltration
rates and, c) risks of salt intrusion due to tidal fluctuation and
lowering of the water table. Yield losses are mainly due to
flooding and excessive soil water during the rainy season,
while in the upland areas, it is mainly the result of large soil
water deficits which can occur throughout the year.

According to the wetland classification (Gomes et al. 1997),
most of these lowland areas belong to the Palustrine

system. They play a very important role for food security and
household income of thousands of families. Five wetland
ecosystems occur in Mozambique, marine, estuarine,
riverine, lacustrine and palustrine system. The most important
systems for agricultural development are the riverine and
palustrine systems. The riverine associated with the southern
Floodplain zone, being the largest one, and the palustrine
with the Coastal South Zone. The palustrine system includes
the coastal lakes, lagoons, swamps, and peat lands. Peat
lands are of enormous importance for small-scale agriculture.
Peat soils and hydromorphic sandy soils are common in

the South, where semi-arid conditions predominate, and its
importance is associated with water availability all year round.
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Floodplains Zone:

Production is beset by both droughts and floods in lowland-
rainfed rice, the dominant agro-ecology, floods particularly

in the central floodplain, and droughts in the South. Such
fluctuations in production were evident in the two years of the
agricultural surveys. Production rebounded in 2002-03 with
five agro-ecologies producing more than 100kg/household.

Nevertheless, regional differences exist, with Zambezia
(Central Coast/Floodplain) exhibiting negative yield growth
in the most recent past, and Nampula (North Coastal) and
Gaza (South Inland and Floodplain) showing a considerable
increase in yields. Agro-ecology corresponding to Central
Floodplain registered good sorghum harvest particularly

in 2002-03.

The central and southern Floodplain zones are quite
important environments for most of the rural households,
dependent on agriculture as the main source of food.
Normally the households have two farms, the main one by
the river banks (low zone) and the other, away from the
river banks (high zone). This is an important and strategic
mechanism to mitigate flood and drought impacts. During
excessive wet seasons they concentrate on the up-land
farms, during moisture stress conditions they prefer the lower
zones to secure food crop production and to increase the
success of crop harvest.

Because of major impacts of floods hazards the natural
characteristics of the Southern Floodplain Zone shows very
little change in the area of cultivated land. Figures have
remained quite consistent over the last thirty years. Another
potential reason may be associated with the fact that a
considerable amount of land is for irrigated agriculture, i.e.
estimates from the last national irrigation survey (Marques
et al. 2004) show that 62% from the total equipped irrigated
land or 75,747ha is located in the Southern Floodplain Zone,
although only 31% of the area was operational at the time of
the survey. Irrigated land is dominated by the largest irrigation
scheme existing in the country which is the Chokwe scheme
located in the Limpopo River floodplain, and those located in
Incomati River floodplain belonging to the large commercial
sugar cane estates. However, irrigation development in all
of the major river basins in the Southern zone is limited by
water access and availability.

The South and Central Floodplain zones are dominated by
extensive alluvial plains, inland from the coastal dune belt or
zone. Alluvial soils associated with the river floodplains cover
large areas in the Limpopo, Inkomati, Umbeluzi, Maputo,
Buzi, Pungue, and Zambeze and its tributaries valleys.

Generally, the major river floodplains are covered with fertile
soils. These have the potential for agricultural development.
Suitable lands for agriculture include flat to gently undulating
areas, well to imperfectly drained pluritextured soils. In the
medium upstream courses of Limpopo, Incomati, Umbeluzi,
Buzi, Pungue and Zambeze, the more dissected and coarse-
textured areas are classified as not suitable. Intermediate
areas, less suitable for agriculture consist of flat and
periodically inundated areas which are poorly drained and,
areas exposed to moisture stress for much of the year. The
land assessed as unsuitable for agriculture or with limitations
for such land utilization types, like dryland crop production
and irrigated crop production, has a pastoral value. It is also
suitable for livestock production, or for fast growing exotic
tree species, where average annual rainfall exceeds 1,000
mm, or for conservation purposes, as in the Inland South and
Central Zones, where a substantial portion of area of land is
under conservation status.

A great part of the cultivated area located in low-lying soils,
which during floods are largely inundated by major river
waters. The major consequences of flooding are: saturation
of the soils with water; fertilization of the soils with silt;
flushing of salts out of the soils; and inaccessibility for
cultivation during the period of high water. The three first
conditions may be considered as positive impacts of regular
flooding, while the last one would benefit from flood control.
Saturation of soils with flood waters or a high water table
allows rainfed crop production in most parts of the river
valley, particularly on those soils with limited water holding
capacity in the root zone.

Flooding in the rainy season matches rainfall water deficits
during the growing period (occurrence of more than one
droughty period) allowing for a good crop season. The flood
recession cropping, mainly vegetables, maize and sweet
potatoes, indicates that water provided by flooding is of
some importance. It is probable that flooding is beneficial
primarily in the drier parts of the valleys, where sowing can
be extended at least one month into the crop calendar based
on residual soil moisture availability.

Fertilization from floodwaters is important for the maintenance
of soil fertility. Floodwaters contain more organic and inorganic
deposits, which settle on the inundated land and fertilize the
soils, especially with organic matter and phosphorus.
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Flushing out of salts is also a positive impact of floods. When
flooding is reduced, salt accumulation is a serious problem
for agricultural soils as well as for the productivity of the
plains. Under the prevailing arid conditions of the Limpopo,
Incomati, Buzi, Pungue and Zabeze Basins, salts tend to
accumulate in soils not washed out by rain or floodwaters.
Moreover, the underground fresh water aquifer is shallow, and
it overlies saline water. The most fertile soils are located in
low-lying areas. Therefore they are exposed to greater risk of
salinization than other soils occurring in the Basin for different
reasons: surface runoff containing dissolved salts from higher
areas (i.e. from Mananga platforms); poorly drained soils
parallel to the river, containing mildly saline to non-saline
groundwater, depending on the degree of flooding. If not
flooded, salinization will increase since even heavy rainfalls
will not suffice to flush out the salts. In cases where the
groundwater table is high, upward capillary movement of even
very mildly saline groundwater will cause salinization of the
surface water. In the areas close to the coast, salts of marine
origin cause additional salinization. The saline groundwater
table is high in places, and marine deposits are present.

The soils are poorly drained to swampy and are covered

by swamp grassland or herbaceous swamp vegetation and
mangrove. Strongly gleyed alluvial soils and peat soils are
dominant and offer little or no agricultural potential without
major improvements. These normally correspond to estuarine
plains which are dominated by mangrove vegetation
woodland or forests. Table 4.1 summarizes major attributes
for each zone.

Land Evaluation and Land Suitability Classification

To execute a land evaluation, information on land is needed
in terms of climate, topography and soils. Information for

the whole country is available from the National Soil Data
Base and METEO (climate) Data Base, held at the Crop

and Natural Resource Management Department (DARN),

the Mozambique Agricultural Research Institute (IIAM). The
databases are part of the Mozambique Land Evaluation
System — MOZLES (Beernaert, 1995), which uses land
qualities and land characteristics to describe the land in terms
of its natural resources. These are called land mapping units.

The land mapping units are defined very generally in terms

of climate, soils and landforms, with some information having
been assessed by extrapolation from other secondary
sources, i.e. satellite imagery, geological maps, etc. Additional
land use/cover maps (UIF, 2007; CENACARTA, 1998; INIA,
1986) and associated databases (UIF, 2007; CENACARTA,
1998) were made available for the analysis. The system is
based country-wide and mapped at a scale of 1:1.000.000.

Such a system and its associated map base are compiled
on a provincial basis, and provide an appraisal on the

land resources, population distribution at village level

(INE, 1997), and current land use (UIF, 2007; CENACARTA,
1998; INIA, 1986).

Ecophysiological requirements of the main food and cash
crops have been compiled from relevant literature and from
previous agronomic experimentation within and outside the
country. This work has resulted in the final preparation of a
series of tabular descriptions of crops. This information has
been used to define the probable limitations to production for
each crop in each land mapping unit in the MOZLES.

The information in the database (land resource data) is linked
to the ecophysiological data to provide the inputs for the initial
assessment of the potentialities and limitations of the land
resources of the country for agricultural development and
population growth. The final assessment takes into account
factors such as land capability, land suitability, sustainable
production and potential population supporting capacity.

From this information maps were produced on a country
bases indicating the suitability for each of the crops according
to six classes, namely:

» Very suitable

 Suitable

* Moderately suitable

* Marginally suitable

Conditionally suitable

Not suitable
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Map 4.4 categorises these classes by color. Except for the
first class of land, i.e very suitable for crop production, and
the last, i.e. not suitable for crop production, all other classes
refer to the most serious terrain, soil and climate limitations,
either in terms of slope, occasional flooding, imperfect
drainage, rockiness or stoniness, drought risk, fertility level,
soil depths, and soil toxicities.

Legend

W Very suitable

B Suitable

W Moderately suitable
Marginally suitable
Conditionally suitable

B Not suitable

W Water bodies

200k

Map 4.3: Present land suitability map for rainfed soya under
current conditions.

Crop Production and Yield Data

Literature describing smallholder farming systems throughout
the country has been used, including information from the
agro-ecological zoning classification (INIA, 1996). Additional
crop production and crop yield data, at a national and sub-
national level has been sourced from reports representing
time series for the 80s, 90s and 2000 (DNSA,1992- 2008),
and experimental and research yield data (INIA,1997-1999).

Subsistence food production in Mozambique is based on a
diversity of staples, all of which are root and tuber (cassava
and sweet potato), grain legumes (cowpea, pigeon pea,
groundnuts), cereals (maize, rice, sorghum), and cash crops
(cotton, sunflower, soya bean, wheat).

The environmental conditions under which many of these are
grown vary widely, and adaptation is achieved through both
the development of complex management practices, the use
of different varieties/cultivars, and strategies to cope with
adverse and inadequate crop production conditions.

Reported yields of selected representative crops at
household level show wide variation. This is due in part to the
uncertainty over the measures of total yields, as the crop can
be harvested over long periods, i.e. cassava roots and maize
fresh cobs, cassava and other crops leaves, and in part due
to the reliability of estimates obtained from necessarily few
samples (Early Warning System). In addition, it owes to the
complex systems found under multi-crop, mixed crop and
intercrop production. Further components contributing to yield
variation are the diverse crop management practices.

Maize is produced throughout Mozambique. Four of the
eight agro-ecologies produce more than $6 million worth of
maize (Walker et al. 2006). Among cereals, rice is the most
important crop after maize in terms of the value of production.
Table 4.2 shows that most rice production takes places in the
Central region of the country (62%), followed by the North
(31%). The South holds only 7% of total production. The
Centre and the North are also the most populous parts of the
country. Most of the production growth is primarily the result
of increases in the area cultivated, rather than increases

in total yield. In the period 1997/98 to 2003/04, the nation
experienced hardly any yield growth. Average yield is quite
low at 1.02 ton/ha.

Sorghum is the other cereal that is considered an important
commodity, particularly in the inland areas. Like rice, mean
sorghum production fluctuated sharply between the two
survey years. Cassava production is more concentrated
than maize with the three coastal agro-ecologies (South,
Central and North) accounting for over 60% of the value

of production.

The remaining crops correspond mainly to cash crops

either produced by the small holder farmers or by the new
emergent commercial farmers, or a combination of both.
Under such initiatives commercial groups back the production
and marketing of the commaodities, for example, soya beans
(recently introduced), sunflowers, and cotton. Sugar cane

is a commercial crop that has been produced by the large
scale commercial companies. More recently such companies
have backed and supported the establishment of out growers
schemes. These have proven successful, both in terms of
production, and the quality of the produce.

Wheat production is very limited in terms of its area and
location, with many of the initiatives again falling under the
responsibility of small holder farmers or small commercial
farmers, who operate in areas normally under 5 ha. These
are largely concentrated in the plateau areas like Manica/
Chimoio/Barue in Manica Province, and Angonia and
Tsangano in Tete Province. Estimates are presented for
these crops without differentiating the production and yields
according to the zoning classification.
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Agricultural production systems are horticulturally based and
Average Yield (Ton/ha) have evolved across a large range of sophisticated but low
1990s 2006/07 input cropping practices and farming systems. These exploit
the highly complex distribution of natural environments found
in Mozambique and its vulnerability to the most common
Soya bean 13 - 0.2-0.45 @ natural disasters, mainly droughts and floods. Agriculture in
Mozambique personifies risky production. The floods of 2000

Sunflower 0.5-1.5 0.5-1.1 0.5-1.5

Wheat 0.72 - 0.6-1.7 were possibly the most famous weather-related rainfall event.
Sugar Cane 60-90 90-110 110-130 ©
Widespread, regional drought in 1992 was equally infamous.
Cotton 1.45 131 03-0.6 Every year various sources of risk exact a toll on production.
Table 30 illustrates the point that 44 to 87% of producers in
Table 4.2: Evolution of Agricultural Production and Yields of the TIA 2002 (MINAG-DE, Trabalho de Inquérito Agricola),
Crops in Mozambique. lost a percentage of their crops to one natural hazard.

() Adaptado das Estatisticas Agrarias. 1996. Estatisticas Agrarias 1994.
Departamento de Estatistica, Ministerio de Agricultura e Pescas. Maputo,
Mocambique;

@ Dias (2008) reported for small holder farmers and small commercial farmers
in Sofala, Manica and Tete, yields up to 3.0 t/ha, with an average of 2.0 t’ha
under rainfed conditions;

©® sugar cane production under high level of inputs yields > 130 t/ha 2007/08
crop season (SSIP/DNSA, 2008);

@ Average figures for the country although regional differences in
production/yield would be expected; top farmers without fertilizers, under
rainfed conditions, following just weeding and other plant protection
recommendations managed to get 1.5 t/ha;

Total Affected 