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Abstract: Changes in precipitation frequency and intensity distribution over Africa will
have a direct impact on dry spells and, therefore, will affect various climate sensitive
sectors. In this study, the ability of the fifth generation of the Canadian Regional Climate
Model (CRCM5) in simulating annual and seasonal dry spell characteristics is assessed for
four precipitation thresholds (0.5 mm, 1 mm, 2 mm and 3 mm) over Africa. The dry spell
characteristics considered are the number of dry days, number of dry spells and five-year
return levels of maximum dry spell durations. The performance errors are assessed by
comparing ERA-Interim driven CRCMS5 with the Global Precipitation Climatology Project
(GPCP) dataset, for the common 1997-2008 period. Lateral boundary forcing errors, i.e.,
errors in the CRCMS5 simulation created by errors in the driving Canadian Earth System
model (CanESM?2) data—as well as the added value—of CRCMS5 over CanESM2 are also
assessed for the current climate. This is followed by an assessment of projected changes to
dry spell characteristics for two future climates (2041-2070 and 2071-2100) simulated by
both CRCMS5 driven by CanESM2 and CanESM?2 itself, for Representative Concentration
Pathway (RCP) 4.5. Results suggest that CRCMS5 driven by ERA-Interim has a tendency to
overestimate the annual mean number of dry days and the five-year return level of the
maximum dry spell duration in a majority of the regions while it slightly underestimates
the number of dry spells. In general, the CRCMS5 performance errors associated with the
annual and seasonal dry spell characteristics are found to be larger in magnitude compared
to the lateral boundary forcing errors. Projected changes to the dry spell characteristics for
the 2041-2070 and 2071-2100 periods, with respect to the 1981-2010 period suggests
significant changes in the tropics, with the mean number of dry days and the five-year
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return levels of maximum dry spell duration increasing, while the mean number of dry
spell days decreases.

Keywords: dry spell characteristics; regional climate model; Africa, climate change

1. Introduction

According to the Intergovernmental Panel on Climate Change (IPCC) [1], Africa is one of the most
vulnerable continents to climate change and climate variability. Global Climate Models (GCMs)
participating in IPCC’s fourth Assessment Report suggest warmer temperatures, in the range of
2-7 °C for Africa by the end of the 21st century. This warming is non-uniform, with the drier
subtropical regions projected to experience warmer temperatures than the moist tropical region. As for
precipitation, annual amounts are expected to decrease in parts of Africa above 20°N and below 25°S,
while an increase is expected in the Horn of Africa. For regions such as Sahel and the Guinean coast,
annual and seasonal mean precipitation show no clear signal [1].

Changes in precipitation frequency and intensity distribution can have an impact on dry and wet
spells and, therefore, will affect various climate sensitive sectors, primarily agriculture. For most parts
of Africa, agriculture is predominantly rain fed and thus, very vulnerable to changes in precipitation.
The uneven seasonal distribution of precipitation can expose crops to a range of mild to severe
intra-seasonal dry spells, which may affect the yield[2]. For example, for East Africa
(Kenya-Uganda-Tanzania), Shongwe et al. [3] report a positive shift in the precipitation distribution,
i.e., an increase in high intensity precipitation events, by the end of the century for the two wet seasons
(October—December and March—May) based on GCM projections. Their study also suggests less
severe droughts for East Africa.

Several previous studies [4—6] have assessed projected changes to global precipitation
characteristics using GCMs. Tebaldi et al. [6] studied projected changes to 10 indicators of climate
extremes using an ensemble of nine GCMs according to a range of emission scenarios. Their study,
despite the large spread in GCMs, showed on average a general decrease in the number of dry days
(days with precipitation less than 1 mm) for the central east part of the tropics and an increase for the
subtropics, over the African continent, for the A1B scenario. The large spread in GCM projections,
particularly over Africa, is an indication of the challenges in simulating climate characteristics of the
continent. In fact, climatic models still represent the main characteristics in and around Africa with
significant errors such as excessive precipitation in the south, southward displacement of the Atlantic
Inter-Tropical Convergence Zone (ITCZ), and insufficient upwelling near the Kalahari desert [1],
making it difficult to assess the changes in future climate with confidence.

Though GCMs provide better simulations for the atmospheric general circulation at a larger scale,
they do not offer required detail for regional and local assessment. This is particularly true for
heterogeneous regions, with important variations of topography, vegetation, soils and coastlines [7].
Extreme events such as heavy precipitation are often not well-captured by GCMs. In fact, Sun et al. [8]
showed that over land, most current GCMs overestimate light precipitation (1-10 mm/day) and
underestimate heavy precipitation (>10 mm/day). Since precipitation processes occur at finer
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resolution [9], the Regional Climate Model (RCM) is a more adequate tool for many regional impact
and adaptation studies [10-14].

Although the use of RCMs over Africa is still in its infancy [15], efforts have been made to assess
the main climatic features of Africa with regional models; Sun ef al. [16,17] used RegCM2 from the
National Center for Atmospheric Research to investigate precipitation over East Africa, while
Patricola et al. [18] studied the dynamics of the West African Monsoon with the Weather Research and
Forecasting (WRF) model, and Ibrahim et al [19] used five RCMs for the same region.
Joubert et al. [20] used the Division of Atmospheric Research Limited Area Model (DARLAM) from
Commonwealth Scientific and Industrial Research Organisation, and Hudson et al. [21] used the
Hadley Regional Climate Model (HadRM3H) to examine the climate of southern Africa.

In response to the vulnerability of Africa to climate change stated in the fourth Assessment Report
of the IPCC [1], many recent international projects such as the Assessment of Impact and Adaptation
to Climate Change (AIACC) [22], the Greater Horn of Africa Regional Model Intercomparison Project
(AFRMIP) [23], the African Monsoon Multidisciplinary Analysis (AMMA) [24-26] and the West
African Monsoon Modeling and Evaluation (WAMME) [27,28] have focused on the application of
RCMs over Africa. The latest in the series of international projects, CORDEX [29] was initiated to
evaluate and improve the ability of an ensemble of RCM simulations, including CRCMS5 [30,31], over
selected domains, such as Africa. CORDEX is also providing a standardized framework of Regional
Climate Downscaling for improved regional climate change adaptation and impact assessment
(http://werp.ipsl.jussieu.fr/cordex/about.html). Africa was selected as the first target region in order to
improve simulation of key elements of current climate and then providing climate-change projections
with various RCMs. Despite this recent increase in RCM application over Africa, study of extreme
events is still very limited for the region [1].

So far, no studies on projected changes to dry spell characteristics over the African continent using
RCMs are available. Such studies are required to aid develop adaptation strategies in the context of a
changing climate. This article presents a thorough analysis of the annual and seasonal dry spell
characteristics over Africa, as simulated by the fifth generation of the Canadian Regional Climate
Model (CRCMS5) in the current climate, and their projected changes for future periods. Projected
changes based on the Canadian Earth System Model (CanESM2), which provides driving data at the
CRCMS lateral boundaries, are also investigated for the Representative Concentration Pathway (RCP)
4.5 scenario. The RCPs, which are based on simulations from a set of Integrated Assessment Models
(IAMs), provide both concentration and emissions of radiatively important greenhouse gases emissions
for several aerosols and their precursor species, and associated land cover change scenarios. In total, a
set of four pathways—RCPs 2.6, 4.5, 6 and 8.5—were produced that lead to radiative forcing levels of
2.6,4.5, 6 and 8.5 W/m’ by the end of the century [32].

The paper is organized as follows: section two describes CRCMS experimental configuration,
observation datasets used and the methodology followed. Assessment of performance and boundary
forcing errors and added value of CRCMS are presented in section three, followed by assessment of
projected changes to dry spell characteristics for two future periods (2041-2070 and 2071-2100) with
respect to the current 1981-2010 period, for RCP 4.5 scenario. Summary and conclusions are
presented in section four.
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2. Model, Experimental Configuration, Datasets and Methods
2.1. Model and Experimental Configuration

The RCM considered in the study is CRCMS5 [33], which is based on a limited-area version of the
Global Environment Multiscale (GEM) model used for Numerical Weather Prediction (NWP) at
Environment Canada [34,35]. GEM uses semi-Lagrangian transport and (quasi) fully implicit
marching scheme. In its fully elastic non-hydrostatic formulation [36], GEM uses a vertical coordinate
based on hydrostatic pressure [37]. The following GEM parameterisations are used for CRCMS5: deep
convection following Kain et al. [38], shallow convection based on a transient version of Kuo’s
scheme [39,40], large scale condensation [41], correlated-k solar and terrestrial radiations [42],
subgridscale orographic gravity-wave drag [43], low-level orographic blocking [44], and turbulent
kinetic energy closure in the planetary boundary layer and vertical diffusion [45—47]. In CRCMS, the
usual GEM land-surface scheme has been replaced by CLASS version 3.4 [48] that allows a mosaic
representation of land-surface types and a flexible number of soil layers in the vertical; in this article,
26 soil layers varying in thickness from 0.1 m at the surface to 5 m at the bottom are used.

A 150-year integration, spanning the 1951-2100 period on a 201 % 194 points grid (Figure 1a)
covering the whole of Africa and the adjoining oceans at 45 km horizontal grid spacing and 56 levels
in the vertical is considered in this paper. This integration performs dynamical downscaling of the
CanESM2 simulation to produce climate projections at the regional scale. In this simulation, the Sea
Surface Temperature (SST) is prescribed and corresponds to that of CanESM2. CanESM?2 simulation
grid has a horizontal resolution of 2.81° with 35 vertical layers (Figure 1b), and follows RCP 4.5 [32]
scenario for the 2010-2100 period.

Though the CRCMS simulation spans the 1951-2100 period, this study focuses on the current
1981-2010 and the future 2041-2070 and 2071-2100 30-year periods.

In addition, a validation experiment, i.e., CRCMS5 simulation forced at the lateral boundary by
ERA-Interim [49,50] data from the European Centre for Medium-Range Weather Forecasts (ECMWF)
for the 19842008 period is also considered. In this simulation, the prescribed SST follows ERA-
Interim. According to IPCC, RCM simulations nested by reanalysis can reveal RCM ‘performance
errors’ primarily due to the dynamics and physics of the regional model, and should precede any
attempt to make climate-change projections [10]. Hereafter, the CRCMS driven by
ERA-Interim and CRCM driven by CanESM2 will be referred to as CRCMS5 ERA Interim and
CRCMS5_CanESM2, respectively.

2.2. Observational Data

The observed dry spell characteristics used for evaluating CRCMS5 are derived from the Global
Precipitation Climatology Project (GPCP) [51] 1 x 1° dataset (Figure 1c) covering 40°N to 40°S at
three-hourly intervals. GPCP is based on geosynchronous satellite data and gauge measurements from
the Global Precipitation Climatology Center (GPCC). The data set extends from October 1996
to present.
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Figure 1. African simulation domain for (a) the fifth generation Canadian Regional
Climate Model (CRCM5) at 0.44° horizontal resolution, with only every fifth grid box
displayed. The dashed lines represent the 10 grid-point nesting zone and the dotted line
represents the domain of interest. The (b) Canadian Earth System Model (CanESM?2) grid
at 2.81° horizontal resolution and (c) Global Precipitation Climatology Project (GPCP) grid
at 1° horizontal resolution is also shown. The red horizontal line represents the equator.
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It should be noted though that the GPCP dataset may not be accurate for certain regions. For
example, Nikulin et al. [52], based on a detailed analysis of the number of gauge stations included in
the GPCC product, and therefore in GPCP, found that almost no station observations over central
Africa (Angola, Democratic Republic of the Congo, Tanzania and Mozambique) were used for any of
the months for the 1998-2006 period. This may have influenced the quality of the dataset over
this region.

2.3. Methods

The objective of this article is two-fold. The first objective is to assess performance and boundary
forcing errors (discussed below) associated with CRCMS5 simulated dry spell characteristics and the
added value of CRCMS5 over the driving GCM, i.e., CanESM2. The second objective is to assess
projected changes to dry spell characteristics from CRCMS transient climate change simulations for
the RCP 4.5 scenario. It must be noted that all analysis presented in this article are performed on
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respective grids. In other words, CanESM2 and GPCP data were not interpolated to CRCMS grid,
unless otherwise specified.

The dry spell characteristics considered in this study include the mean annual and seasonal number
of dry days, dry spells and five-year return levels of annual and seasonal maximum dry spell duration,
defined as the statistical estimate of the annual and seasonal maximum dry spell duration that would
occur on average once every five years. The seasons considered correspond to the boreal
(July—September; JAS) and austral (January—March; JFM) summers. In the present study, a dry day is
defined as a day with a precipitation amount less than a predefined threshold. This threshold is
subjective and, in this study, 0.5 mm, 1 mm, 2 mm and 3 mm are considered. As in previous
studies [53—55] dry spell is defined as an extended period of dry days, including those of one
day duration.

The return levels of dry spell durations are computed using the peaks-over-threshold (POT)
approach. The advantage of the POT over the annual/seasonal maximum approach is that it considers
those extreme values that are larger than some of the annual/seasonal maximum extremes that will not
normally be considered in the annual/seasonal maximum approach [10,55]. In this approach, the
average number of dry spell durations per year/season (say A) are set a priori and the largest nA values
are selected, from the n years considered. In this study, A varies from 1 to 2 depending on the region.
For the tropics where the number of dry spells is large, A is set to 2, while for the subtropics, A varies
from 1 to 2 and for the Sahara A is set to 1 since the number of dry spells are small though they are of
very long durations. This approach strategy is equivalent to fixing the threshold at the, say, 95th or
98th percentile value [56]. For probabilistic modelling of POT values, the General Pareto Distribution
(GPD) is used [10].

2.3.1. Performance Errors

The performance errors are assessed by comparing dry spell characteristics, i.e., number of dry
days, number of dry spells and return levels of maximum dry spell durations derived from the
ERA-Interim driven CRCMS5 simulation, for the current 1997-2008 climate, with those derived from
GPCP [51] analysis. The 1997-2008 period was chosen since GPCP is only available for this period.
The performance errors are assessed for various characteristics at annual and seasonal time scales,
except for the number of dry spells where, the total number of dry spells for the 12-year period is
considered; this is to include the dry spells that will extend from the end of a given year to the
beginning of the next year. For the computation of return levels, since the comparison period is the
12-year period, with A for the POT analysis varying from 1 to 2, 12 to 24 maximum dry spell durations
are considered. The five-year return levels of maximum duration of dry spell are computed for all land
points, and are masked in grey at those grid points where the return levels of maximum duration of dry
spells are found larger than 365 (93) days in the case of annual (seasonal) maximum dry spells. The
five-year return period is chosen since the number of years for which observation data is available is
only 12 years. Return levels corresponding to higher return periods will have larger uncertainties given
the small sample size and are therefore not considered. Though analysis has been performed for all
four thresholds, validation results will be presented only for 0.5 mm and 3 mm threshold for the dry
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spell characteristics. Where appropriate, results for other thresholds, ie., 1 mm and 2 mm
are discussed.

2.3.2. Boundary Forcing Errors

In addition to performance errors, the CRCMS CanESM2 simulations will have additional errors
due to errors in the nesting CanESM?2 data since RCMs are strongly influenced by the large-scale
circulation from driving GCMSs [57]. These errors, referred to as boundary forcing errors, are assessed
by comparing CRCMS5 driven by CanESM2 with CRCMS driven by ERA-Interim. Reducing boundary
forcing errors requires that the GCM provides more realistic boundary values.

2.3.3. Added Value

The added value of the RCM is the ability to improve the representation of the regional to local
climate compared to the more coarsely resolved global climate models. In other words, RCM can
provide additional detail for regions with important orography, land-sea contrasts and changes in
surface type. The small-scale atmospheric features such as convective cells that are not well
represented in the global climate models are better captured in RCMs. The added value is assessed by
comparing the CRCMS5_CanESM2 simulation with CanESM2 simulation.

2.3.4. Projected Changes

The projected changes to dry spell characteristics for two future time slice windows, i.e.,
2041-2070 and 2071-2100 are assessed by comparing the future dry spell characteristics with those
for the current 1981-2010 period of the CRCMS_ CanESM2 simulation. All figures corresponding to
projected changes show absolute changes, i.e., Xy — X, where Xy and X, are the future and current
values of the variable of interest X. However, reference in terms of percentage changes is also used
where required, which is computed as (Xf - XC) / X.. Projected changes are also assessed based on
CanESM2 simulation for the same two future periods. For the computation of return levels, using
POT, for the current and future 30-year time slices, the values of maximum dry spell durations
considered can vary from 30 up to 60. Projected changes for grid points where the return levels of
maximum duration of dry spells are found larger than 365 (93) days in the case of annual (seasonal)
maximum dry spells for current and/or future climates are masked in grey color. The results related to
projected changes are presented only for the 2 mm threshold and other thresholds are discussed
as required.

The statistical significance of projected changes to the mean number of dry days and dry spells is
assessed using the Student’s t-test [S8] at 95% confidence level, while the nonparametric vector
bootstrap resampling method [59-61] is used for return levels of maximum dry spell duration. The
95% confidence interval for return levels is calculated as: RO + 1.96SE, where RO is the sample return
level and SE is the standard error of the return level estimated using 1000 bootstrap resamples. Such
confidence intervals for return levels are calculated for each grid-point for both future and current
climates. The statistical significance of the difference between the future and current period values is
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assessed using these confidence intervals, i.e., the change (positive/negative) is considered significant
if these confidence intervals do not overlap.

3. Results
3.1. Assessment of Errors and Added Value
3.1.1. Performance Errors

As discussed under the methods section, performance errors are assessed by comparing
CRCMS5_ERA Interim and GPCP for the 1997-2008 period. Figure 2a shows the spatial distribution
of annual mean number of dry days for the precipitation thresholds of 0.5 mm and 3 mm. GPCP shows
minimum values of dry days in the tropics where strong convective precipitation occurs. The lowest
values of annual number of dry days in the 120-240 days range is located in the Democratic Republic
of Congo, along the South-East coast of Africa and in the mountainous regions of the eastern
Madagascar, the East Africa Highlands and the elevated terrain of Ethiopia and Sudan. The maximum
number of dry days are, as expected, in the subtropics where the deserts are located. For northern-most
and southern-most parts of Africa, the values of dry days are generally regulated by the passage of
mid-latitude fronts [1]. Annually, CRCM5 ERA Interim overestimates the mean number of dry days
in the tropics and in the sub-tropics compared to GPCP, while it underestimates along the eastern coast
of Africa starting from South Africa and extending to the south of Somalia. As the precipitation
threshold increases, the number of dry days increases. For example, in the Central African Republic,
the number of dry days in the 180-210 range for 0.5 mm increases to the 210-240 range for the 3 mm
threshold. The spatial patterns are more similar at the 2 mm and 3 mm threshold for GPCP
and CRCM5 ERA_Interim.

The seasonal number of dry days in the tropics changes with the migration of the Inter Tropical
Convergence Zone (ITCZ) from its northern most position in boreal summer to its southern position
during the austral summer. Figure 2b shows that in the boreal summer, GPCP shows a minimum
number of dry days to the north of the equator, where it precipitates the most, due to the northerly
position of ITCZ during this season. In the sub-tropics, i.e., the regions of Sahara and Kalahari deserts,
the values of dry days are found larger. As the threshold is increased from 0.5 mm to 3 mm, the
number of dry days increases especially in the ITCZ region; dry days in the 10-25 range at 0.5 mm
increase to the 2540 range at a 3 mm threshold. In the austral summer (Figure 2¢), GPCP shows
minimum values in the ITCZ region, i.e., south of the Equator during this season, and higher values are
located in the Sahara desert. For boreal summer, CRCMS5_ERA _Interim overestimates the number of
dry days in the Sahel (Mali, Niger, Chad) compared to GPCP. This is due to the southward bias in the
position of the Sahara Heat Low that does not move enough north, which results in a narrower West
African Monsoon rainfall band [30]. For both austral and boreal summers (Figure 2b.c),
CRCMS5 ERA Interim generally underestimates the number of dry days especially in the tropics
compared to GPCP. However, it was shown in a previous CRCMS5 study [30] that for some regions
such as the Gabon, Democratic Republic of Congo and Madagascar, CRCMS5 driven by ERA-Interim
simulates more realistic precipitation than GPCP. In these regions, GPCP misses the rainfall peak.
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Figure 2. Number of dry days at 0.5 mm (top) and 3 mm (bottom) thresholds for the
(a) annual, (b) boreal summer (JAS) and (c¢) austral summer (JFM) for CRCMS5 driven by
ERA-Interim (middle left) and CanESM2 (middle right), CanESM2 (extreme right) and
GPCP (extreme left), for the 1997-2008 period.
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Figure 3. Number of dry spells at 0.5 mm (top) and 3 mm (bottom) thresholds for the

(a) total 12 years, (b) boreal summer and (¢) austral summer period for CRCMS5 driven by
ERA-Interim (middle left), and CanESM2 (middle right), CanESM2 (extreme right) and
GPCP (extreme left), for the 1997-2008 period.
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The total number of dry spells at 0.5 mm and 3 mm thresholds for CRCMS5 ERA _Interim are now
compared with GPCP (Figure 3a) for the 1997-2008 period. GPCP shows high values of number of
dry spells in the tropics where there are many days with precipitation, which leads to several short dry
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spells. GPCP shows in the subtropics small number of dry spells because of the small number of
precipitation days that leads to longer dry spells. High values of the number of dry spells are also seen
along the northern coast of the Maghreb (Morocco-Algeria-Tunisia) and the southeast coast of South
Africa, particularly at 0.5 mm. Figure 3a shows that CRCM5 ERA Interim underestimates the values
in the Kalahari desert and in the tropics but overestimates the number of dry spells along the eastern
coast of Africa extending from the South of Somalia to the South of Africa and also the Guinean coast
of Africa compared to GPCP. In fact, for the south coast of South Africa, CRCMS5_ ERA _Interim
shows number of dry spells in the 700-800 range, while GPCP has dry spells in the 400-500 range at
0.5 mm threshold. These results are consistent with the underestimation of the mean number of dry
days (Figure 2) linked with the model tendency to precipitate more, for instance, frequent change
between wet and dry spells in the model simulation. As the threshold increases, the mean number of
dry spells decreases.

For the boreal summer (Figure 3b), the observed (i.e., GPCP based) maximum number of dry spells
are collocated with the position of the ITCZ at around 10°N latitude, while in the austral summer
(Figure 3c), the observed maximum of number of dry spells shift with the position of the ITCZ to
around 10°S latitude. For the boreal summer, CRCM5 ERA _Interim represents the narrow rain belt in
the tropics reasonably well. At 0.5 mm and 3 mm thresholds, CRCM5 ERA Interim overestimates the
mean number of dry spells along the eastern coast of Africa extending from South of Somalia to South
Africa. In the tropics, CRCM5_ERA Interim generally overestimates the mean number of dry spells.
Annually and seasonally, CRCM5 ERA Interim agrees better with GPCP with maximum values
located in the Democratic Republic of Congo and lower values in the desert regions (Sahara
and Kalahari).

As mentioned earlier, the return levels of maximum annual/seasonal dry spell duration are
computed using the POT approach, with A varying from 1 to 2 (Figure 4). Grey colors are used for grid
cells where the annual (seasonal) maximum dry spell duration is higher than 365 (93) days. It should
be noted that the points that are masked vary for GPCP and model simulations. The GPCP based
five-year return levels of annual maximum dry spell durations have low values in the tropics (where it
rains the most), which is consistent with the large number of dry spells of shorter duration for that
region. High return values are found in the southern part of Africa in the vicinity of the Kalahari Desert
(Angola, Botswana). Eastern Madagascar, East Africa Highlands and the elevated terrains of Ethiopia
and Sudan also have low values of dry spell duration since it rains more frequently.

For the five-year return levels of annual maximum dry spell duration (Figure 4a), GPCP shows that
the values are in the range of 40 consecutive days in the tropical region, while in the subtropics, the
values are larger. In general, CRCM5 ERA Interim overestimates the annual maximum dry spell
duration compared to GPCP. The differences are larger in both Sahara and Kalahari deserts where
CRCMS5 _ERA Interim has too many consecutive dry days. For boreal summer (Figure 4b),
CRCMS5_ERA Interim overestimates the five-year return level especially in the north of the
Democratic Republic of Congo. In fact, CRCMS5 _ERA Interim shows values in the 50-70 range,
while GPCP values are less than 30 at the 3 mm threshold. CRCM5 ERA_Interim also overestimates
return levels in the Mediterranean region.

In austral summer (Figure 4c), CRCM5 ERA _Interim overestimates the return levels in the Sahara
desert and in the Sahel compared to GPCP. As the threshold increases from 0.5 to 3 mm, the maximum
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dry spell duration increases. The annual and boreal summer figures for the Guinean coast (near Gabon
and Liberia) shows that the difference between the 3 mm and 0.5 mm threshold is very small which
means that the daily precipitation rate is often higher than 3 mm threshold.

Figure 4. Same as Figure 2, but for the five-year return levels of the maximum dry spell
duration. The grid points are masked in grey color where the return levels are larger than
365 days in the case of (a), and 93 days for the cases of (b) and (c¢).
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3.1.2. Boundary Forcing Errors

As discussed previously, boundary-forcing errors are assessed by comparing CRCMS5_ CanESM2
and CRCM5 ERA Interim simulations. Since precipitation will have a direct influence on the dry
spell characteristics, precipitation in CRCMS5 ERA Interim and CRCMS5 CanESM2 are first
compared. Figure 5 shows that the boreal summer (annual) precipitation is larger (smaller) for
CRCMS5 CanESM2 compared to CRCMS5_ERA Interim for the Guinean coast, but there are a number
of other differences in the two experiments. The CRCMS5_CanESM2 is wetter over the north-eastern
southern Africa in the annual mean. It is also wetter over sub-tropical southern Africa especially in
austral summer. On the other hand, the CRCMS5 CanESM2 is dryer over north-western
equatorial/tropical Africa (notably in Liberia and Sierra Leone) and in Ethiopia, especially in the
boreal summer. It was also shown in a previous study [31] that CRCM5 CanESM2 has difficulties in
representing the precipitation over the West African Monsoon region, and that only
CRCMS_ERA Interim was able to reproduce the seasonal migration of the West African Monsoon
precipitation. The inability of CRCM5_ CanESM2 to well simulate the rainy season in the West
African Monsoon is related to the misrepresentation of the seasonal cycle of the GCM-simulated SSTs
in the equatorial Atlantic Ocean [31].

Figure 5. Annual (top row), boreal (middle row) and austral (bottom row) summer mean
(1997-2008) precipitation for GPCP (extreme left), CRCMS5 driven by ERA-Interim
(middle left), CRCMS5 driven by CanESM2 (middle right) and CanESM2 (extreme right),
for the 1997-2008 period.
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The difference between CRCMS CanESM2 and CRCMS5 ERA Interim simulated dry spell
characteristics show that, in general, CRCMS5_CanESM2 has positive boundary forcing errors, i.e.,



Atmosphere 2013, 4 285

more number of dry days, along the Guinean coast for the annual mean (Figure 2a), while for the same
region, negative boundary forcing errors are noted for the boreal summer (Figure 2b).
CRCMS5_CanESM2 has positive boundary forcing errors over the north-eastern southern Africa, while
negative errors are noted over the north-western equatorial region in austral summer (Figure 2c). For
the number of dry spells, CRCM5 CanESM2 exhibits negative boundary forcing errors, i.e., less
number of dry spells in the Guinean coast for the annual mean (Figure 3a), while for the same region,
CRCM5 _CanESM2 shows positive errors for boreal summer (Figure 3b). In austral summer
(Figure 3c¢), positive boundary forcing errors over the north-western equatorial region can be seen. For
the five-year return levels associated with annual and austral summer maximum dry spell duration
(Figure 4a,c), CRCMS5_CanESM2 has a positive boundary forcing errors in south central Africa and in
the Ethiopian highlands compared to CRCMS5 ERA Interim while in boreal summer (Figure 4b),
positive boundary forcing errors are found for the Horn of Africa and Maghreb regions.

Comparing the lateral boundary forcing errors of the three dry spell characteristics considered here,
those associated with the return levels of maximum dry spell duration are larger than those for the
mean number of dry days and mean number of dry spells, especially over south central Africa.
Comparison of performance errors and lateral boundary errors show that, in general, performance
errors associated with the annual and seasonal dry spell characteristics are larger in magnitude
compared to the lateral boundary forcing errors, particularly for austral summer.

3.1.3 Added Value

For many regions over Africa, CRCM5 CanESM2 improves representation of the dry spell
characteristics compared to CanESM2. As an example, for the mean annual number of dry days
(Figure 2a), CRCMS_CanESM2 (third column) has more dry days in the tropics compared to
CanESM2 (fourth column), and therefore, is in better agreement with GPCP (first column). The
CanESM2 daily precipitation rate is relatively high compared to GPCP and CRCMS5. The same is
observed for the boreal and austral summers.

CRCMS5_CanESM2 also represents better the number of dry days and the number of dry spells
(Figures 2 and 3) compared to CanESM2. Thus, CRCM5 CanESM2 exhibit clear added value
compared to CanESM2 for the dry days and the number of dry spells. The added value is less obvious
though in the case of return levels (Figure 4).

3.2. Projected Changes to Dry Spell Characteristics

In this section, projected changes to dry spell characteristics over Africa for RCP 4.5 scenario are
evaluated as differences between the future 2041-2070 and 2071-2100 periods and the current
19812010 period of the CRCMS5_CanESM2 simulation. Projected changes are also assessed based on
CanESM2 simulation. It should be noted that the projected changes are presented as absolute
differences. However, reference in terms of percentage changes are used where appropriate. Here, the
results of projected changes are presented for the 2 mm threshold. Where relevant, results for other
thresholds are discussed.
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Figure 6 shows projected changes to the mean annual number of dry days as simulated by
CRCMS5_CanESM2 and CanESM2 at 2 mm threshold. CRCMS5_CanESM?2 and CanESM2 show some
significant increases, according to the t-test at 95% confidence level for the tropics, with the absolute
changes increasing from 2041-2070 to 2071-2100. For CRCM5 CanESM2, in relative terms, the
number of dry days increases by 0-30% (0—45%) for the future 2041-2070 (2071-2100) period. The
spatial extent of the region with significant increase in the tropics is much larger for CanESM2
compared to CRCMS5_ CanESM2. For the Horn of Africa, CanESM2 shows scattered significant
decreases for the 2041-2070 period, which is also visible for the 2071-2100 period; no significant
changes are noted for the region in CRCMS5_CanESM2. Conflicting climate change signal can be
noticed for more regions. As an example, in some parts of the Maghreb (Tunisia, Algeria, Morocco,
Libya), CRCMS5 CanESM2 shows a significant increase, while CanESM2 shows a significant
decrease for the 2071-2100 period.

Figure 6. Annual mean number of dry days as simulated by CRCMS5 driven by CanESM2
(a—) and CanESM2 (d—f) for the present (1981-2010) (a,d) and the corresponding
projected changes for the 2041-2070 (b,e) and the 2071-2100 (c,f) periods for RCP 4.5
scenario for 2 mm threshold. Grid cells where projected changes are not statistically
significant at 95% confidence level are shown in white.
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Significant increase in the mean number of dry days for the boreal summer (Figure 7) is noted for
some regions of the tropics for CRCMS_CanESM2, especially in the western parts of the tropics where
the increase is around 60% (16—24 range in terms of absolute change) by the end of the 21st century.
Significant increases in dry days for the tropics are also shown by CanESM2 and the magnitude of
changes increases from the 2041-2070 period to the 2071-2100 period. CRCM5 CanESM2 shows
significant decrease in dry days in the Sahel and in the eastern part of South Africa. Though not
significant, CRCMS5_CanESM?2 suggests some increases in the mean number of dry days in the Sahara
and Kalahari deserts, while CanESM2 shows a decrease in the number of dry days where the Heat
Low (near Algeria) is located.
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Figure 7. Same as Figure 6, but for the mean number of dry days for boreal summer.
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For austral summer (Figure 8§), CRCMS5 CanESM2 shows a significant increase in the mean

number of dry days in the central tropics while some decrease is projected for the Horn of Africa,
particularly for the 2071-2100 period. CanESM2 shows a significant increase in the central tropics for
the 2041-2070 period followed by a significant decrease for the 2071-2100 period. For the western
tropics region, CanESM2 shows a decrease in the dry days while CRCM5 CanESM2 shows an
increase for the 2071-2100 period. Analysis of the soil moisture and precipitation fields for this region
(figure not shown) indicate that, though precipitation and soil moisture are larger in CanESM2
compared to CRCMS5_CanESM2, CanESM2 shows an increasing tendency in precipitation and soil
moisture for the 2071-2100 period, while CRCM5_CanESM2 shows a clear decrease in precipitation
and a non-significant decrease in soil moisture. The above appear to be responsible for the conflicting
climate change signal in CRCMS5_CanESM2 and CanESM2. However, CanESM2 is in agreement with
CRCMS5_CanESM2 for the central eastern part of Africa where significant decreases are projected for
the 2041-2070 and 2071-2100 period.

Figure 9 shows projected changes to annual mean number of dry spells as simulated by
CRCMS CanESM2 and CanESM2 at 2 mm threshold. CRCMS5 CanESM2 projects significant
decreases in the annual mean number of dry spells from current to future for parts of the tropics and for
the Maghreb. This decrease is consistent with the increase in the number of dry days that can lead to
longer dry spells. On the other hand, CanESM2 shows significant increases and decreases in the
tropics and a decrease in the south part of Africa (Namibia, Angola, Botswana, Zimbabwe, Zambia,
Mozambique, South Africa, Lesotho, Swaziland). For the Horn of Africa, CanESM2 shows general
significant decreases in the mean number of dry spells for the 2041-2070 period, followed by mostly
significant increases for the 2071-2100 period. This is less evident in CRCM5 CanESM?2 simulation.
However, CanESM2 projection of the mean annual number of dry spells agrees with
CRCMS5_CanESM2 projection for the regions of South Africa and Horn of Africa at 2 mm threshold.

The contradictory climate signal for the tropics for CanESM2 and CRCMS5_CanESM2 over the
tropical region can also be due to the fact that daily precipitation in CanESM2 is often higher than
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2 mm/day and therefore do not represent adequately dry spell characteristics at lower precipitation
thresholds. The annual precipitation intensity for the 1981-2010 period vary spatially between 4 and
10 mm/day for CanESM2 in the tropics (figure not shown). Some preliminary analysis at 5 mm
precipitation threshold revealed that both CanESM2 and CRCM5 CanESM2 project decreases in the
mean number of dry spells for the 2041-2070 and 2071-2100 period (figure not shown).

Figure 8. Same as Figure 6, but for the mean number of dry days for austral summer.
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Figure 9. Same as Figure 6, but for annual mean number of dry spells.
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For the boreal summer (Figure 10), CRCMS5 CanESM2 shows a decrease in the number of dry
spells along the east coast starting from Somalia and extending to the South of Mozambique. The
magnitude of the changes lies between —25% to —50% for the 2041-2070 period and between —50% to
—75% for the 2071-2100 periods. However, CRCM5 CanESM2 and CanESM2 show important
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differences for the tropics, the Sahel and the Maghreb regions. For the tropics, CRCMS5_CanESM2
shows a general significant decrease with spotted increase while the CanESM2 shows mostly an
increase. As discussed previously, CanESM2 has a higher daily precipitation rate and the choice of 5
mm and 10 mm thresholds (figure not shown) shows better agreement.

Figure 10. Same as Figure 6, but for the mean number of dry spells for boreal summer.
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For the austral summer (Figure 11), CRCMS5_CanESM2 shows a general significant decrease in the
central part of Africa and in the Maghreb regions for the 2041-2070 and 2071-2100 period. A
scattered significant increase in the mean number of dry spells can be noted in the Horn of Africa

(Ethiopia, Somalia). For CanESM2, however, projected changes are in general not significant at 95%
confidence level.

Figure 11. Same as Figure 6, but for the mean number of dry spells for austral summer.
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Figure 12 shows projected changes to the five-year return levels of the annual maximum dry spell
duration at 2 mm threshold. The value of A for a given grid-cell is constant in current and future
climates. As discussed in the methodology, the return levels are computed using the GPD distribution.
The statistical significance is assessed using the Bootstrap method at 95% confidence level. For
CRCMS5 CanESM2, the Sahara desert is masked (grey color in the figures) since most of the sampled
maximum dry spell durations are equal to 365 days and therefore the calculation of the return levels
cannot be performed satisfactorily. CRCMS5 CanESM2 shows scattered significant increase in the
tropics and along the east coast starting from Somalia and extending to the South of Mozambique.
CRCMS5_CanESM2 shows also significant increases in the northern part of the Maghreb, with absolute
change in the 45-60 range for both periods. CanESM2 shows significant increases over a relatively
large area in the tropics with absolute changes in the 15-30 range, for the 2041-2070 period, but is
considerably reduced in extent for the 2071-2100 period.

Figure 12. Same as Figure 6, but for the 5-year return level of the annual maximum dry
spell duration. The grid points where the return levels are larger than 365 days are masked
in grey color.
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Figure 13 shows the 5-year return levels of the maximum dry spell duration for the boreal summer
for the current period and their projected changes at 2 mm threshold. Notice here that both deserts
(Sahara and Kalahari) are masked (grey color) for the same reason as mentioned previously. Here,
calculation of return levels were not performed for some grid points along the Equator for CanESM2,
for the boreal and austral summers since the daily precipitation rate is often greater than 2 mm/day
which leads to insufficient number of values of maximum dry spell duration. Very few points show
significant changes to 5-year return levels in boreal summer in future climate for CRCM5 CanESM2
and CanESM2. CRCM5_CanESM2 shows a scattered significant increase in the 5-year return levels of
maximum dry spell duration in the tropics for the two future periods. CanESM2 shows significant
increases to the south-west of the Sahel for the 2041-2070 period, with absolute changes in the 5
to 15 range.



Atmosphere 2013, 4 291

Figure 13. Same as Figure 6, but for the 5-year return level of the boreal summer
maximum dry spell duration. The grid points where the return levels are larger than 93
days or where return levels were not computed due to insufficient values of maximum dry
spell duration are masked in grey color.
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For the austral summer (Figure 14), significant increases in parts of the tropics are projected by
CRCMS5 CanESM2 for the future climate, with increasing magnitude from 2041-2070 to 2071-2100
period. An increase of the maximum dry spell duration is also seen in the north-eastern part of
Maghreb region with a magnitude of 15 to 30% (15-20 range in terms of absolute change). No
significant changes are noted for CanESM2. The results for 0.5 mm, 1 mm, and 3 mm thresholds are in
general similar to those for 2 mm threshold.

Figure 14. Same as Figure 13, but for the austral summer.
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4. Discussion and Conclusions

In this study, we present an evaluation of errors—i.e., performance and lateral boundary forcing
errors—of selected dry spell characteristics over Africa as simulated by CRCMS5 for different
precipitation thresholds used to define a dry day. Also presented are the added value and projected
changes to dry spell characteristics. The annual/seasonal dry spell characteristics considered are the
mean number of dry days, mean number of dry spells and the five-year return level of the maximum
dry spell duration. Performance errors are assessed by comparing the ERA-Interim driven simulation
(CRCMS5_ERA Interim) with GPCP for the current 1997-2008 period. Boundary forcing errors are
assessed by comparing the CanESM2 driven CRCMS5 simulation (CRCMS5 CanESM2) with
CRCMS_ERA Interim and finally added value of the RCM is assessed by comparing
CRCMS5 CanESM2 with CanESM2. The projected changes to dry spell characteristics for two future
time slice windows, 2041-2070 and 2071-2100, corresponding to RCP 4.5 scenario, are then assessed
by comparing the future characteristics with those for the current 1981-2010 period for both
CRCMS_CanESM2 and CanESM2. A summary of the main results follows:

* The ability of CRCMS in simulating dry spell characteristics in current climate is evaluated
prior to the assessment of projected changes. The results for the various precipitation thresholds
were similar (0.5 mm, 1 mm, 2 mm and 3 mm). Results suggest that the annual (seasonal)
numbers of dry days are generally overestimated (underestimated) by CRCMS5 ERA Interim,
i.e., positive (negative) performance errors, particularly for North Equatorial Central Africa and
Central Southern Africa regions, compared to GPCP. This overestimation in the annual mean
number of dry days decreases with increasing precipitation thresholds. Consistent with these
results, the annual (seasonal) number of dry spells are underestimated (overestimated) by
CRCMS5 _ERA Interim over the same regions. The five-year return levels of annual and
seasonal maximum dry spell duration computed using the POT approach is generally
overestimated by CRCMS5_ERA_Interim.

= Results suggest that, in general, the performance errors are larger than the lateral boundary
forcing errors. Performance errors can be reduced by further improving the representation of
processes in the model such as convection, land-atmospheric interactions, West African
Monsoon (WAM), while reduction of lateral boundary forcing errors require improved quality
of the GCM data used as boundary conditions. CRCMS5 reproduces the West African Monsoon,
but fails to bring the precipitation far enough north into Sahel due to a weaker monsoonal flow
associated with a cold bias in the Sahara as was also reported in Hernandez-Diaz et al. [30].
This is the reason for the overestimation of dry days in that region. As for the tropics, it was
noted that the soil moisture is generally underestimated in the model due to increased drainage
in comparison with the Global Land Data Assimilation System (GLDAS) [62] database, which
leads to less evaporation and therefore, a reduced number of precipitation days. Thus, better
representation of land-surface processes is important as was pointed out by Taylor et al. [63] in
their study over West Africa.

* The added value analysis showed that for many regions in Africa, CRCMS5_CanESM2 improves
local representation of the dry spell characteristics compared to CanESM2. In fact, CRCMS



Atmosphere 2013, 4 293

driven by CanESM?2 provides realistic spatial detail in the tropics since the regional model is
able to capture the convection cells in the monsoon region more realistically, which is the main
source of precipitation, due to its higher resolution compared to CanESM2.

= Analysis of the projected changes to dry spell characteristics revealed, that annually and
seasonally in the tropics, CRCMS5 CanESM?2 shows significant increases in the number of dry
days and in the five-year return levels of maximum dry spell durations. Analysis also showed
significant decreases in the number of dry spells for the 2041-2070 and 2071-2100 periods. In
other words, dry spells of longer durations can be expected in future climate with increasing
magnitude from 2041-2070 to 2071-2100. For both periods, CanESM2 projections are similar
to that of CRCM5_CanESM2 for the annual number of dry days and five-year return levels of
annual maximum dry spell duration. However, conflicting climate change signal can be noted
for the number of dry spells for the annual and boreal summer, where CRCMS5_ CanESM?2
shows a significant increase while CanESM?2 shows a significant decrease. This difference can
partly be explained by the fact that CanESM2 is unable to reproduce the dry spell characteristics
at lower precipitation thresholds.

= Projected changes to dry spell characteristics for the Horn of Africa are in general not found to
be significant. However, CRCMS5 CanESM2 shows some significant increase in the number of
dry spells for boreal summer for the 2071-2100 periods. Similarly, for the Sahel region,
projected changes to dry spell characteristics are not found significant, except for some
significant decreases in the number of dry days for the boreal summer for the
2041-2070 and 2071-2100 periods for CRCM5 CanESM2.

Though the return levels presented in this study corresponds to the five-year return level period,
many impact and adaptation studies would require information about higher return period. Analysis of
projected changes to 10-, 20- and 30-year return levels (not shown) suggest increases for some parts of
the tropics and in the south eastern part of Africa. The magnitude of absolute changes between the
future period and the current climate increases with increasing return periods.

Changes in dry spell characteristics will have direct impact on climate sensitive sectors such as
agriculture. More wet days combined with shorter dry spell duration during the growing season could
be beneficial to the agriculture sector for regions such as the Horn of Africa and for some part of the
Sahel for the 2071-2100 period. On the contrary, an increase in the number of dry days and in the
maximum dry spell duration combined with less number of dry spells, but of longer duration, could
affect agriculture adversely in the tropics and in the North of Africa.

In this study, the precipitation thresholds were selected subjectively following previous studies for
other parts of the world. For practical applications, one would need to pick other thresholds. For
example, for the tropics, evaporation is higher and therefore higher thresholds are desirable, as in
Mupangwa et al. [64], where a 4.95 mm threshold was used to calculate the dry days for the
agriculture season since the observed daily evaporation is between 5 mm/day to 8 mm/day.

It should also be noted that a dry spell is defined as at least one day with precipitation below the
selected threshold. However, for some applications, it might be desirable to redefine this. For instance,
Cook et al. [65] used a five-day consecutive period with precipitation below predefined threshold to
define the dry spell.
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This study relies on a single RCM driven by a single GCM for current and future periods.
Multi-model ensembles are desirable to obtain more robust climate change signal. This will partly be
fulfilled with the CORDEX project that will provide this multi-GCM, multi-RCM and

multi-scenario outputs [52].
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