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Regional climate models (RCMs) are widely used in regional assessment of
climate change impacts. However, the reliability of individual models needs to
be assessed before using their output for impact assessment. In this study, we
evaluate the performance of RCMs from the Coordinated Regional Climate
Downscaling Experiment program (CORDEX) to simulate minimum air tem-
perature (TN), maximum air temperature (TX) and rainfall over Tanzania. Out-
put from four RCMs driven by boundary conditions from three General Circula-
tion Models (GCMs) and ERA-Interim data are evaluated against observed data
from 22 weather stations. The evaluation is based on determining how well the
RCMs reproduce climatological trends, interannual, and annual cycles of TN,
TX and rainfall. Statistical measures of model performance that include the bias,
root mean square error, correlation and trend analysis are used. It is found that
RCMs capture the annual cycle of TN, TX and rainfall well, however underes-
timate and overestimate the amount of rainfall in March-April-May (MAM)
and October—November—December (OND) seasons respectively. Most RCMs
reproduce interannual variations of TN, TX and rainfall. The source of uncer-
tainties can be analysed when the same RCM is driven by different GCMs and
different RCMs driven by same GCM simulate TN, TX and rainfall differently.
It is found that the biases and errors from the RCMs and driving GCMs contrib-
ute roughly equally. Overall, the evaluation finds reasonable (although varia-
ble) model skill in representing mean climate, interannual variability and tem-
perature trends, suggesting the potential use of CORDEX RCMs in simulating
TN, TX and rainfall over Tanzania.

1. Introduction

The most advanced tools currently available for simulating the response of the global climate system to increased atmos-
pheric greenhouse gas concentrations are Global Climate Models (GCMs). They describe the relevant physical processes
in the atmosphere, oceans, land and ice surfaces that make up the climate system. However, GCMs have relatively coarse
space resolution and cannot represent the fine-scale detail that characterises the climate in many regions of the world, es-
pecially in regions with complex orography or heterogeneous land surface cover or coastlines. This can makes their cli-
mate simulations of limited use in impact studies of climate change on biodiversity, ecosystem services, agricultural sys-
tems, species distributions and other landscape and environment related matters (Villegas and Jarvis 2010, Daniels et al.
2012, Hassan et al. 2013, Xiaoduo et al. 2012). These types of impact and adaptation studies require data with much finer
spatial resolution.
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One widely applicable method for obtaining high resolution climate information that takes into account regional patterns
and valuable local knowledge is to use regional climate models (RCMs). These are atmospheric models run on a limited
geographical area using boundary conditions from GCMs (Danis et al. 2002, Min et al. 2013). Their finer spatial resolution
allows simulation of local climate conditions in greater detail by incorporation of impacts of orography (mountains, coast-
lines, water bodies, vegetation) and land-use, and small scale dynamical and boundary layer processes.

In recent years, RCMs have been used extensively to provide climate simulations with high resolution (Xiaoduo et al.
2012, Roux 2009, Wilby and Fowler 2011). These simulations, however, are subject to a number of uncertainties that
come from boundary conditions, size of the integration domain, natural variability within the RCMs and RCM formulation
(Min et al. 2013). Meier et al. (2011) assessed the impact of boundary conditions from three global climate models
(HadCM3, ECHAM4 and ECHAMS5) on the Rossby Centre Atmosphere model version 3 (RCA3) RCM in simulating sur-
face meteorological variables over the Baltic Sea. They found that RCA3 simulated annual mean precipitation and the
mean seasonal cycle of precipitation much better when driven by ECHAMS5 than ECHAMA4. Further, they found that
ECHAM4 and ECHAMS driven simulations overestimated both the mean sea level pressure and sea level pressure gradi-
ent, while with HadCM3 driven simulations underestimated both of these features. Kagltzow et al. (2011) examined the
importance of surface forcing and the size of the integration domain for dynamical downscaling with the HIRHAM RCM
in simulating the Norwegian climate for the period of 1961-1990 and found that the RCM climate simulations were sensi-
tive to surface forcing as well as the size of the integration domain. Endris et al (2014) evaluated the performance of
CORDEX RCMs in simulating East African rainfall during the period of 1990-2008. They found the RCMs simulated
rainfall better in one region but more poorly in another region over the same time period. More recently Shongwe et al.
(2015) evaluated the performance of CORDEX regional climate model in simulating precipitation over southern Africa.
They also found that the performance of the RCMs in simulating precipitation differed over different regions.

A prerequisite before using climate simulation data from the RCMs is evaluation through comparisons of model results
with observations. This helps to assess the ability of the RCMs to simulate climate conditions at particular locations. This
is important for assessment and the quantification of uncertainties in climate models simulations for use in climate change
impact studies and policy decisions at different locations.

A large number of previous studies (e.g. Engelbrecht et al. 2009, Endris et al. 2014) have provided detailed evaluations of
the performance of RCMs in simulating southern, eastern and the horn of Africa rainfall and temperature climatology. In
these studies, however, the RCMs simulations were evaluated against interpolated gridded data derived from meteorologi-
cal station measurements. Another recent study is that of Endris et al. (2014), which evaluated the performance of RCMs
from CORDEX in simulating east Africa rainfall, where the model outputs were compared with gauge-based gridded ob-
servational datasets at 0.5° by 0.5° spatial resolution obtained from Global Precipitation Climatology Centre (GPCC), Cli-
mate Research Unit (CRU) and Global Precipitation Climatology Project (GPCP).

Although gridded data have shown to be useful for evaluation of RCMs performance, they have a number of potential in-
accuracies and errors (Hofstra et al. 2009). These data use interpolation across space and time to combine weather station
data into a balanced panel of observations on a fixed spatial scale or grid (Auffhammer et al. 2013). Their quality depends
on the number of weather stations used in interpolation processes and the interpolation formula as different schemes pro-
duces different estimates, particularly for precipitation (Dell et al. 2014). In developing countries with few weather sta-
tions, the quality of gridded data is questionable. For instance, Tanzania has very few weather stations (28-synoptic weath-
er stations) which are sparsely distributed over complex topographical terrain. The use of gridded data to evaluate the per-
formance of RCMs in simulating Tanzania climate may not provide realistic results. Christensen (2001) and Osborn and
Hulme (1997) suggested the use of point measurements from weather stations to evaluate grid measurements of the cli-
mate model, especially in areas with sparse station networks and complex terrain.

The aim of this study is to evaluate the performance of RCMs from CORDEX in simulating present climate conditions
over Tanzania, where actual station observations are used to evaluate the RCMs. This study is a crucial step in choosing
reliable models that can be used in climate change impact studies at particular locations. The output from such models will
be used in a future study as input into crop models for evaluation of climate change impacts on rain-fed crop production in
both current and future climate in Tanzania. This is important since the economy of the country heavily depends on the
agriculture sector, which contributes about half of gross production, 30% of export earnings, 65% of raw materials for do-
mestic industries and employs about 80% of the labour force while facing challenges of climate change and variability.
Previous studies in Tanzania (Mwandosya et al. 1998, Agrawala et al. 2003, Ernhart and Twena 2006, IPCC 2007, Enfors
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and Gordon, 2008, Thornton et al. 2009, 2010, Arndt et al. 2011, Ahmed et al. 2011, Miiller et al. 2011) have evaluated the
impact of climate change on rain-fed crop production using climate simulation derived directly from GCMs which are in-
sufficient to detect the huge variations in agricultural output in different regions.

2. Data and methodology
2.1 Study area

The study area is Tanzania (Figure 1), which is located in east Africa between longitudes 29°E to 41°E and latitudes 1°S
and 12°S. The country has an area of 945 000 km? of which 884 000 km? is land mass and 61 000 km? is lakes, rivers and
seashore. Tanzania has complex topography that is very heterogeneous. The height of the topography ranges from sea lev-
el in the east to 1600 m in the west. In the northeastern highlands is the highest mountain in Africa: Mt Kilimanjaro with
an altitude of 5895 m, while in the north is the largest lake in Africa: Lake Victoria. In the south are Lake Nyasa and the
Ruvuma River, and in the west is the deepest lake in Africa: Lake Tanganyika. Much of the country lies above 1000 m
altitude with many areas over central and northern regions above 1500 m.

BIMODAL REGIONS

—e——

Legend

j“f 7 Meteorological Stations
~ [ ]7ZA_water areas

UNIMODAL REGIONS

Figure 1 Map of Tanzania showing the location of meteorological stations in unimodal and bimodal regions separated
by the red line.

The climate over Tanzania is mainly controlled by the movement of the intertropical convergence zone (ITCZ). However,
seasonal interactions within the ITCZ, perturbations in global climate circulation and changes in local circulation systems
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(which are influenced by complex topographical features) all contribute to high local climate variability. The seasonal
rainfall is modulated by changes in the global sea surface temperatures (SSTs) especially over the equatorial Pacific and
Indian oceans (Black et al. 2003, Black 2005, Anyah and Semazzi 2007).

Tanzania is characterised by two rainfall seasons, namely March—April-May (MAM) and October—November—December
(OND). These seasons are mainly driven by the migration of the ITCZ, which lags behind the overhead sun by 3-4 weeks
over the region (Owiti and Zhu 2012). The ITCZ migrates towards southern regions of Tanzania in October—December,
reaching southern parts of the country in January—February and reverses northwards in March, April and May (Timiza
2011). Due to this movement, some areas experience single and double passages of the ITCZ (Owiti and Zhu 2012). Re-
gions with a single passage are known as unimodal areas (see Figure 1) and include the southern, southwestern, central and
western parts of the country which receive rainfall from October through to April or May (Timiza 2011). Areas that expe-
rience a double passage are known as bimodal areas, and include north, northern coast, northeastern highlands, the Lake
Victoria basin and the islands of Zanzibar (Unguja and Pemba). These regions receive two distinct rainfall seasons: the
long rain season (known as Masika in Swahili) which starts in March and continues through May (MAM); and the short
rainfall season (Vuli in Swahili) which starts in October and continues through December (OND) (Agrawala et al. 2003).

As reported in Zorita and Tillya (2002) and Camberlin et al. (2009), the amount of seasonal rainfall varies significantly in
space and time, with higher variation observed during the Vuli season than in Masika. The rainfall falling in these seasons
usually ranges from 50-200 mm per month but varies greatly between regions and can be as much as 300 mm per month
in wettest regions and seasons (McSweeney et al. 2010). Higher amounts of seasonal rainfall are recorded over the south-
western and northeastern highlands, while central Tanzania is semi-arid, receiving seasonal rainfall of less than 50 mm per
month. Annual average rainfall over Tanzania ranges from 534 mm to 1837 mm.

Table 1

Model, version 2.2
(RACMO2.2T)

Instituut (KNMI),
Netherlands

Short name
No. RCM Model centre of RCM GCM
CLMcom COSMO- Climate Limited-Area MPI
1 CLM Modelling (CLM) CCLM4 ICHEC
(CCLM4) Community CNRM
Danmarks
Meteorologiske
2 DMI HIRHAMS5 Institut (DM1), HIRHAMS5 ICHEC
Danmark
Sveriges
gz/:lilr F;ac;ssit()))rllal Meteorologiska MPI
3 Atmosphegr]ic och Hydrologiska RCA4 ICHEC
Model (RCA4) Institut (SMHI), CNRM
Sweden
KNMI Regional Ece)gé?:(al r:J(;(s
Atmospheric Climate . RACMO22T  ICHEC
4 Meteorologisch

Details of CORDEX-RCMs and the driving GCMs.
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The annual average temperature over different stations in Tanzania ranges from 14.4-26.4 °C. Regions with the highest
temperatures are along the coast and western parts of the country. The season with high temperatures starts from October,
continuing through February or March, whilst the cold season is from May to August. The annual minimum air tempera-
ture (TN) and maximum air temperature (TX) across the stations in Tanzania ranges from 9.6-22 °C and 19.1-30.7 °C
respectively.

2. Data
2.1 Model data

The CORDEX program archives outputs from a set of RCM simulations over different regions in the world. The
CORDEX domains for model integrations are found at http://wcrp-cordex.ipsl.jussieu.fr/images/pdf/cordex_regions.pdf.
In this study datasets from CORDEX Africa are accessed from http://cordexesg.dmi.dk/esgf-web-fe/. The datasets are
quality controlled and may be used according to the terms of use (http://wcrp-cordex.ipsl.jussieu.fr/). The spatial grid reso-
lutions of all CORDEX Africa RCMs were set to longitude 0.44° and latitude 0.44° using a rotated pole system coordinate.
These models operate over an equatorial domain with a quasi-uniform resolution of approximately 50 km by 50 km. For
detailed description of CORDEX RCMs and their dynamics and physical parameterisation consult Nikulin et al. (2012).
Table 1 lists the details of CORDEX-RCMs and the driving GCMs: CNRM-CERFACS-CNRM-CM5 (CNRM), ICHEC-
EC-EARTH (ICHEC) and MPI-M-MPI-ESM-LR (MPI)

Output from CORDEX-RCMs driven by boundary conditions from the GCMs for the period 1971-2005 are used to assess
the ability of the RCMs to simulate annual cycles of TN and TX and rainfall. The ERA-Interim driven simulations which
are available for the period 1989-2008 are used to assess the ability of CORDEX RCMs to simulate interannual variability
and trends in TN, TX and rainfall.

2.2 Observed data

Monthly mean TN, TX and rainfall for the period 1971-2005 from 22 weather stations are obtained from the Tanzania
Meteorological Agency (TMA). Table 2 indicates the geographical information of weather stations managed by TMA with
their long term annual statistical moments of observed TN, TX and rainfall.

3. Analysis method
3.1 Interpolation of gridded climate data from the RCMs

The RCMs simulate different climate variables such as TN, TX and rainfall at each grid point. The quality of their output
can be evaluated against actual measurements from weather stations using several techniques. One of the methods is to
interpolate gridded climate variables to the location of weather stations and compare the results with observed station data.
There are different interpolation methods (Ly et al. 2013); the simplest is to calculate the arithmetic mean of climate varia-
bles from the nearest four grid points around the station. This method assigns equal weights from four grids in estimating
climate variable at the station, and may not give realistic estimates of climate variables such as rainfall which have strong
spatial variability.

Another interpolation method is the nearest neighbour method, which assumes that climate simulation at a given weather
station is equal to that at the closest grid point. This method considers discrete values and does not consider spatial varia-
tion of climate variable between four grids surrounding the station (Hartkamp et al. 1999). Therefore, the use of nearest
neighbour to interpolate climate variables with strong spatial variation such as rainfall could lead to erroneous results.
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D Station Latitude Longitude Alt TN SDV TX SDV Rainfall SDV
Name (°S) (°E) (m (°C) (°C) (°C) (°C)  (mm) (mm)
1 Songea 10.41 35.35 1067 157 0.4 26.9 0.4 1098.7 203.1
2 Mtwara 10.21 40.11 113 209 04 30.1 0.3 1089.8 208.5
3 Bukoba 12 31.49 1144 16.7 0.7 25.8 0.3 1836.8 447.7
4 Musoma 1.3 33.48 1147 175 0.6 28.5 0.5 867.5 176.7
5 Mwanza  2.28 32.55 1140 174 0.9 28.1 0.5 1051.1 215.8
6 Arusha 3.2 36.37 1387 142 04 25.8 0.5 810.1 271.2
7 Moshi 3.21 37.2 813 178 04 29.4 0.4 893.8 250.3
g flimenie 55 37.04 896 17.2 05 298 05  534.1 199.4
9 Kigoma  4.53 29.4 820 18.7 04 28.5 0.6 991.9 138.6
10 Same 0.5 37.43 860 17.6 0.6 29.0 0.4 561.5 200.2
11  Tabora 5.05 325 1182 16.9 0.5 29.6 0.8 949.2 170.4
12 Tanga 5.05 39.04 49 220 0.5 30.7 0.3 13254 3254
13 Dodoma 6.1 35.46 1120 16.8 0.3 28.9 0.4 577.6 116.0
14 llonga 6.46 37.02 503 193 0.7 30.4 04 1053.3 197.0
15 Morogoro 6.5 37.39 526 189 05 30.2 0.4 847.9 166.9
16  Kibaha 6.5 38.38 167 20.7 0.8 30.3 0.4 983.1 218.8
17  Zanzibar 6.13 39.13 18 220 0.7 30.5 0.3 17134 392.7
18 f;;:ﬁssa' 6.53 39.12 53 209 05 307 04 11468 228.3
19 Iringa 7.4 35.45 1428 145 05 26.4 04 598.1 88.1
20 Mbeya 8.56 33.28 1758 10.8 0.8 23.8 04 925.6 150.4
21  Mlingano 8.09 38.54 183 204 1.2 30.6 0.6 11451 295.7
22 lgeri 94 34.4 2250 96 0.6 19.1 0.5 1337.6 202.7
Table 2 Geographic information of weather stations managed by TMA with the long term (1971-2000) annual sta-

tistical moments of observed TN, TX and rainfall and their interannual standard deviations (SDV).

The Inverse Distance Weighted Average interpolation method (IDWA) is the estimation method whereby a climate varia-
ble at a weather station is estimated by a linear combination of the simulated climate variable at the surrounding grid
points (Hartkamp et al. 1999, Ly et al. 2013). This method is defined mathematically as:

1
Z?=1_2Vi
d;

Vf= n 1 (1)

i=1,2
d;
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where, V; is the interpolated value at the required station, V; is data at grid point i, d; is the distance from grid point i to
the station, n is the total number of grid points surrounding the station (which is always 4) and ﬁ is the weight of the
distance from the grid point to station. The weighting of the grids is strictly a function of the distance from the station.
This method was tested by Hartkamp et al. (1999) and yielded best results for interpolation of precipitation in comparison

to other techniques.

In this study, IDWA is used to interpolate model gridded climate simulations to the location of weather stations. The dis-
tance from the grid point to the station is computed using the Haversine formula (Ingole and Nichat 2013). This formula
has been widely applied (e.g. Essayad 2011, Chopde and Nichat 2013) to compute the shortest distance between two
points on the earth’s surface. The Haversine formula is defined as:

d = 2rsin™! <\/sin2 (M) + cosp,cosp,sin? (@)) (2)

2

where d is the distance between two points on the earth’s surface, r is the earth’s radius, ¥ is the longitude and ¢ is latitude.
3.2 Criteria for evaluating the performance of regional climate models (RCMs)

The ability of RCMs to simulate climate conditions at a particular location can be evaluated using a variety of techniques
(Flato et al. 2013). However, no individual evaluation technique or performance measure is considered superior; rather, it
is combined use of many techniques and measures that provides a comprehensive overview of model performance (Flato
et al. 2013). In this study, outputs from RCMs are evaluated against observations using some of the statistical measures
recommended by the World Meteorological Organization (WMO) as reported in Gordon and Shaykewich (2000). These
statistics include bias, root mean square error and Pearson correlation coefficient given in Egns 3, 4 and 5.

. 1
Bias = (i —0) ®)
1
RMSE = [~3N,(F; - 0,)? (4)
N (Fi-F)(0;-0)
TF0) = - l ®)

JEXL0-072 Sl o(ri-Fr2

where F and O are the simulated and observed values respectively, while i refers to the simulated and observed pairs and
N is the total number of such pairs. For rainfall analysis and for simple interpretation, normalised versions of Eqn 3 and 4,
that is normalised bias (hereafter NBias) and normalized root mean square error (NRMSE) given in Eqn 6 and 7 respec-
tively are also used.

Bias

NBias = —%_ x 100 (6)
MEANops
NRMSE = —23£_ % 100 ©)
MEANgps

The NBias is a percentage measure of whether RCMs overall underestimate or overestimate a particular climate variable.
Positive NBias values indicate overestimation while negative values indicate underestimation by the climate model. On the
other hand, the NRMSE is a measure of the absolute error of climate model in simulating certain climate variable. The
smaller the NRMSE the better the model and vice versa. The Pearson correlation coefficient is a measure of strength of
relationship between model simulations and observations and has the limits of 1 and —1. A Pearson correlation coefficient
of 1 indicates a perfect positive correlation between model and observed data, while —1 indicates a perfect negative corre-
lation between the two. In this study the Pearson correlation coefficient is calculated using Eqn 5 where observed average
annual cycles over the full period (1971-2005) from different stations are compared with the output from the RCMs (i.e.
annual cycles of the 35 year averaged months).

The long term (1971-2005) annual cycle of TN and TX for Tanzania, calculated as the arithmetic mean of all 22 weather
stations, is compared with the outputs from the RCMs to determine how well the RCMs driven by GCMs capture the TN
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and TX seasonality. Moreover, the annual cycles of rainfall in bimodal and unimodal regions, calculated as the arithmetic
mean of all 14 stations in the bimodal and 8 stations in the unimodal regions, are evaluated against output from RCMs
driven by ERA-Interim data, which are available for the period 1989-2008 to assess how well the RCMs capture rainfall
interannual variability these two distinct regions of Tanzania.

Mann-Kendall (MK) and Theil-SEN slope estimator methods are used to test the ability of the RCMs driven by ERA-
Interim data to simulate trends and the magnitude of the trends in interannual series of TN and TX. All trends are comput-
ed at station level for the period 1989-2008. Mann-Kendall (MK) and Theil-SEN slope estimators are widely used for
trends tests as well as estimation of magnitude of the trends in climatological time series. For detailed descriptions of
mathematical formula and the applications of Mann-Kendall (MK) and Theil-SEN’s slope estimator statistics the reader
may consult Ahmad et al. (2015).

4, Results
4.1 Spatial distribution of biases and root mean square error

The biases and root mean square error calculated using Eqns 3 and 4 are used to assess how well the RCMs can simulate
long term (1971-2005) TN and TX over different stations, while the normalised bias (NBias) and root mean square error
(NRMSE) calculated using Eqns 6 and 7 are used to assess how well the RCMs can simulate long term (1971-2005) rain-
fall over different stations. Figure 2 presents the biases in TN at different stations. From this figure RACMO22T driven by
ICHEC underestimates TN by —2 °C to zero over central, parts of the northeastern highlands, northern, northern coast and
western regions. It simulates TN with biases in the range of —4 to -2 °C over Same, Morogoro, Tabora, Iringa, and Songea.
This model simulates TN with coldest biases in the range of -5 to —4 °C over Moshi and Ulanga (llonga) regions. Warm
biases of zero to 2 °C are simulated over coastal regions and over southwestern highlands. HIRHAMS driven by ICHEC
overestimates TN by zero to 2 °C over central, parts of northeastern highlands, Morogoro, Iringa, Tabora and over north-
ern coast regions, and by 2 to 4 °C over western, southern, southwestern highlands, coastal and northern regions. It simu-
lates TN with cold biases in the range of —2°C to zero over Moshi and Ulanga (llonga) regions.

Figure 2 allows the characterising of RCM uncertainty arising from their formulations and driving GCMs. The uncertainty
due to RCM formulations is noticeable in Figure 2, where RACMO22T and HIRHAMS5, both driven by ICHEC GCM, simu-
late TN with different level of performance over all stations. The former underestimates TN over most stations while the later
overestimates TN over most stations. However, both RACMO22T and HIRHAMS5 simulate TN over Moshi and Ulanga
(llonga) regions with cold biases in the range of -5 to —4 °C and —2°C to zero, respectively. Moreover, both RACMO22T and
HIRHAMDS simulate TN over Mbeya region with warm biases in the range of zero to 2 °C and 2 to 4 °C respectively.

The uncertainties of RCMs in simulating TN that arises from the driving GCM can also be characterised from Figure 2.
This figure shows that CCLM4 driven by three GCMs (MPI, ICHEC and CNRM), simulate TN differently. CCLM4 simu-
late TN over northern, western, southwestern highlands, and coastal regions with warm biases in the range of zero to 2 °C
and 2 to 4 °C when is driven by CNRM, and MPI. TN over Moshi and Ulanga (llonga) regions is underestimated in the
range of —4 to -2 °C by CNRM, ICHEC and MPI driven simulations. The TN over Mbeya region is overestimated in the
range of zero to 2 °C, and 2 to 4 °C when CCLM4 driven by ICHEC and CNRM or MPI respectively. These biases seem
to be insensitive to the choice of the GCM. Generally, CCLM4 driven by all three GCMs simulate TN over most stations
better compared to RACMO22T and HIRHAMS.

RCA4 shows small sensitivity to the driving GCM (Figure 2). RCA4 driven by three GCMs (ICHEC, MPI and CNRM)
underestimate TN over most regions. This model driven by all GCMs overestimates TN in the range of zero to 2 °C over
southwestern highlands and coastal regions. RCA4 driven by all three GCMs (CNRM, ICHEC and MPI) simulate TN over
western, northern, parts of northeastern highlands, central and southern regions with biases in the range of -2 °C to zero.
In general RCA4 driven by three GCMs simulate TN over most stations better compared to other RCMs, particularly over
the coastal region suggesting its potential use in simulating TN over most regions.

Analysis of the performance of RCMs in simulating TX at different stations is presented in Figure 3. All RCMs underes-
timate TX over most regions. RACMO22T driven by ICHEC simulates TX over southwestern and parts of northeastern
highlands with the biases in the range of —1 to 1°C. This model simulates TX over western, southern and eastern parts of
Lake Victoria and llonga region with biases in the range —7 to -5 °C.
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RACMO22T and HIRHAMS both driven by ICHEC simulate TX differently over most stations. TX over cen-
tral and parts of northeastern highland is underestimated in the range of -2 to -1 °C, and —4 to -2 °C by RAC-
MO22T and HIRHAMS respectively. The impact of driving GCMs on RCM to simulate TX can be character-
ised from Figure 3. This figure shows that CCLM4 driven by three GCMs (MPI, ICHEC and CNRM) simulate
TX differently over most stations. CCLM4 simulate TX over Mbeya and Arusha with biases in the range of -2
to -1 °C and -1 to —1 °C when driven by ICHEC and CNRM or MPI respectively. TX over the eastern side of
Lake Victoria is underestimated in the range of -5 to —4 °C, -4 to -2 °C, and -2 to -1 °C when CCLM4 is driv-
en by ICHEC, CNRM and IMP respectively. These biases seems to be insensitive to the choice of the GCM,
thus CCLM4 driven by any of the three GCMs can be used to simulate TX over Mbeya and Arusha regions.

RCA4 driven by three GCMs (MPI, ICHEC and CNRM) simulates TX over most stations better than other
models. RCA4 driven by CNRM simulates TX over southwestern highland, western, parts of northern, north-
eastern highlands and coastal regions with biases in the range of —1 to 1 °C. Generally the biases from all GCMs
are not large suggesting that RCA4 driven by all three GCMs can be used to simulate TX over most regions in
Tanzania. In general, the biases that arise from the RCMs and driving GCMs in simulating TN and TX are
roughly equal in most stations. The RCMs simulate TN better than TX in most stations. TX is underestimated
almost in all stations.

The performance of RCMs in simulating rainfall over different stations is presented in Figure 4. This figure
shows that RACMO22T and HIRHAMS both driven by ICHEC simulate rainfall differently over most stations.
RACMO22T overestimate rainfall over southern, southern coast and parts of central regions with biases in the
range of 8 to 24%. HIRHAMS also overestimates rainfall over the same regions with biases in the range of -3 to
+45%. In general RACMO2T driven by ICHEC simulates rainfall over most stations in unimodal and bimodal
region better than other models.

The RMSE of RCMs in simulating TN over different stations is presented in Figure 5. This figure shows that
RACMO22T driven by ICHEC simulates TN over Arusha, Mbeya, coastal and Musoma regions with an error in
the range of 0 to 1 °C. The model simulates TN over Moshi and Ilonga regions with relatively large error in the
range of 4 to 5 °C. It simulates TN over western, central, southern and western parts of Lake Victoria with an
error in the range of 1 to 2 °C. HIRHAMS driven by ICHEC simulate TN over central, parts of the southwestern
highlands, Morogoro and Same regions with an error in the range of zero to 1 °C. This model simulates TN over
Musoma and parts of southwestern highlands with a relatively large error in the range of 4 to 5 °C. In general
RACMO22T and HIRHAMS simulate TN with different level of performance. The former simulates TN with
small error over the coastal regions and southwestern highlands, while the later simulates TN with small error
over central regions. RACMO22T simulates TN with small error in the range of zero to 1 °C over Musoma and
southwestern highlands, while HIRHAMS TN over the same regions with relatively large error in the range of 4
to5 °C.

CCLM4 simulates TN over most stations with an error in the range of zero to 1 °C when is driven by three GCMs
(MPI, CNRM and ICHEC). Generally the model simulates TN in an almost similar way when driven by all three
GCMs. This indicates that the error from the driving GCMs in simulating TN over different regions are almost
equal and therefore any of the three driving GCM can be used to simulate TN over different regions in Tanzania.
However, the model simulates TN over Moshi and llonga regions with relatively large error in the range of 3 to 4
°C. Like CCLM4, RCA4 driven by MPI, CNRM and ICHEC simulate TN over most stations with an error in the
range of zero to 1 °C. Generally RCA4 simulate TN over most stations better compared to other models irrespec-
tive to the driving GCMs. Although RCA4 is slightly better, all models show reasonably comparable errors. In
general all models are acceptable to be used to simulate TN over most stations in Tanzania.

The RMSE of RCMs in simulating TX over different stations are presented in Figure 6. RACMO22T and HIR-
HAMS both driven by ICHEC simulate TX over most stations differently. TX over Musoma and Kigoma is
simulated by RACMO22T and HIRHAMS with an error in the range of 5 to 6 °C and 2 to 3 °C respectively.
RACMO22T simulates TX poorly over Mwanza and llonga, while HIRHAMS performs poorly over the Moshi
region. Generally CCLM4 driven by all three GCMs simulate TX over north and southern regions with error in
the range of 1 to 4 °C. RCA4 driven by MPI and CNRM simulate TX over all stations with similar level of per-
formance. Generally RCA4 driven by all three GCMs simulate TX over different regions better compared with
other RCMs irrespective to the driving GCMs. Although RCA4 simulates TX slightly better, all models show
generally comparable error in simulating TX over most stations in Tanzania.



Luhunga. Evaluation of CORDEX models for Tanzania

N
‘iﬂkm’ usoma !
{ % nza |
‘:‘ 4 Y
: - Legend

‘lgoma fbo}a ” ‘ ; ﬂ]ga RACI‘OIH‘:IEHEC
[ IE]

N
PR gt oy Legend
W iabpra '—‘i a;ga e
\ I
*baha W

Figure 4

N
3 kobamusoma !
} I e i
ST AL AR Legend
2 ¢ g egen
f N TN RMe HIRHAMS_ICHEC
gioema getora T gy Mo
XK - glodoma._
o y ! \q ,a . 11
o N ‘-m **Ribaha W
O g =
< ‘Ibeyq, g5 [ e
e \
iongea i,‘ltwara
N
i-'kOb usoma ‘
ame Legend

CCLM4_CNRM

‘lgoma i’abora :’ i ga B
odoma oo
g
im# *baha W
‘Ibeya :vrze
Wen . *.\
iongea s f‘ltwara

43
‘Jmusoma }I
V% nza
v F " Legend
egen
‘Igoma bOl'a ., ga CCIM:_'CHEC
i" L ii” l ;
w*aha
beya. ™
‘I ﬂen ) f
iongea.,.‘ e

N

!

|

- me Legend

‘;goma iabora J :‘-"‘"'

; odoma\ 4.0

| t -4

: = aha .w 9
ﬂbeya N l" | PR

S g% iongea ‘?itwara

i”musoma
£ nza
S X

‘lgoma iabora 7 i

—_——

me Legend

RCA4_ICHEC

luc

odoma.

@owtaha . G

E@usoma
o % gwanza
G A

e

odoma.

e

N
!
I

me Legend
RCA4_CNRM

| R¥

ﬁm#*aha : :1 ,

bey
E#Z,.

iong;a

ene

z: 3

%

iltwara

=

NBias (%) of the RCMs in simulating rainfall at different stations in Tanzania (note that the scales are different for each model).



Luhunga. Evaluation of CORDEX models for Tanzania 44

N N N
|
I — Bukobayysoma ‘l f
; 3."23
oshl t :% 1 i ns . oshi
Legend I8 Ar o::]nle bagerd : S Legend
"goma iabpra ‘ ﬁpga RAcuozmcuEn ﬁigonj\é bora e ‘1 5 ga HIRHAMS-ICHEC i'goma iabora </ T iazd"g G

R PN J od(jm ."" oderma. . g

) 5 2 ia 5 Wl N ] gﬁ 4

J hi4 fﬂy*‘mha ll ST ygﬁbat\a u- i’“gy baha ’ z
ey i N

C 4 | EX
.1 5 W e -Mbeya u

L ™ #be&a b | ™ °~ W
’i;mgea f’;/ﬂlwara l:-e % iongea y gllwara .,,5 iongea ) ?‘nwara

N N N
| o | ko, )
¢ o~ prkotaysoma : ¢ ﬁi usoma
4 C AN osm ’3 * Arushahoshi
Legend ;" Legend P -geame Legend
CCLMé_CNRM ~ RCA4_ICHEC

‘@0"’}3 iabora 7 iaé{lga RCAS_NPI

(1% ‘ B Gl
i |
B i gﬁz - X

£ im '/ *baha 4,
A # B:: X
3

| X
) imgyg*baha m-
k 7‘ 2.3
ﬂ“’ey@ [ B

L34 3 ~. \‘»___\ vl .
xi;)ngea v\/"iliitwara ¥ iongea i j‘llwara
L x @ = ok m @ wm e St

Figure 5 RMSE of RCMs (°C) in simulating minimum temperature at different stations in Tanzania.

C i“kOb usoma
P, wanza
i oshi

ame

"90")3 iabplra 3
/ odem
Wl ‘m;ﬁgibaha

_,-‘iongea,ﬂ B /}“ltwara

-

o pa T e
LI Gl B
N gadBia
”im;‘ **paha
e ” ’

o rib}]gea » ";‘nwara

R S )
- — —

!
|

Legend
CCLM4_ICHEC

.0-|
.1-2
2.3

W

———

Legend
RCA4_CNRM

B
B
B
B



Luhunga. Evaluation of CORDEX models for Tanzania

N N
) “‘“"05 usoma I
Legend ; - : + Legend
RACMO22TCHEC 24 HIRHAMSICHEC
B & N
O E:
E 3-4 E 3-4
. 4.5 . 4-5
. Bin . 58
—Mtw
Vo i . 6-7 . 87
N N
| |
H
I
shi Legend
ame CCLM4-CNRM Legend
a
4‘?’9 B RC:-ICHEC
1.2
w g‘ﬁg*baha . & 7 H:
) ﬁb‘”a.f a . b i“
fhanvst 1 4-5 1 i
§ A M
iongea V_Vi‘Itwara - ‘iongea‘ Ail ara

Figure 6

E\lflgoma t‘l’abora )

"9‘)"33 iabora

45

oshi
ame

T e

P ﬂga
img;“g*baha

io ‘ﬂwara

RMSE of RCMs (°C) in simulating maximum temperature at different stations in Tanzania.

Legend
RCA4-MPI

Wo
Wi
M2
3.4

W:s

N
ﬁukob usoma !
/. an za '
A oshi Legend

\ 4 me CCLMAICHEC

‘lgoma iabora -/ “ N
\ y odoma &

I
A *aha E:n

‘weya “‘ ';‘ H.

)—Mtwara . e

—Songea ” E
87
v oz, Wl
Bukob !
" O:HJ‘“’D usoma |
; y I
& % oshl
Kioorn o ame Legend
90 a‘lgorna bora 33 ga  ROMCNRM
. Sabora nga Wl
Dodom;f‘mma -
Py ‘Wﬁﬁm baha ‘
Mheya,, ). 7 .z 3
oey “beﬂ, ; {
\ 4 1 (2.4
5""9%’6@ Mtwffawmara B



Luhunga. Evaluation of CORDEX models for Tanzania 46

Note that lower biases alone do not necessarily indicate the best model in simulating TN, TX and rainfall. One
also needs to consider the RMSE: the best model may have smaller biases but should also have smaller RMSE.
This is noticeable for instance with RCA4 driven by ICHEC simulating TN over Musoma and Mwanza regions
with biases in the range of —2 °C to zero. This indicates that RCA4 driven by ICHEC simulates TN for Musoma
and Mwanza with similar level of performance. However, results from the RMSE indicate that the model simu-
lates TN over Musoma and Mwanza with an error in the range of zero to 1 °C and 1 to 2 °C respectively.

The NRMSE of RCM rainfall simulations over different stations is presented in Figure 7. RACMO22T driven
by ICHEC simulate rainfall over Southern, Northern and coastal regions with an error in the range of 31 to 46%.
HIRHAMGS driven by ICHEC simulate rainfall over Southern coast, Songea, central and Bukoba regions with an
error in the range of 0 to 54%. In general RACMO22T driven by ICHEC simulates rainfall over most stations
better compared to other RCMs irrespective of the driving GCM.

Results from the Pearson’s correlation coefficient for simulating annual cycles of TN, TX and rainfall are shown
in Tables 3 and 4. From these tables, simulated TN, TX and rainfall by all RCMs compared well with observed
TN, TX and rainfall over most stations. Simulated TN and TX from RACMO22T driven by ICHEC are nega-
tively correlated with observed TN and TX over Bukoba, Musoma, Mwanza, Kigoma and Mtwara. These sta-
tions are placed close to mountains and water bodies. This may affect the performance of the models due to ina-
bility to represent complex dynamics processes from interaction of water bodies and orographies, including is-
sues such as stable boundary layer processes, given that TN from all stations close to water bodies are weakly
and negatively correlated with simulated TN. In general the RCMs simulate TN better than TX over most sta-
tions. The simulated rainfall by the RCMs is positively correlated with observed rainfall. It is important to men-
tion here that the RCMs simulate TN and TX better than rainfall in most stations. Simulated rainfall correlate
better with observed rainfall in the unimodal region than in the bimodal region.
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RACMO22T-CHEC HIRHAMS-ICHEC CCLM-MPI CCLM-CNRM CCLM-ICHEC RCA4-MPI RCA4-ICHEC RCA4-CNRM

station TN X TN X ™ TX TN X TN X TN TX TN X TN TX
Arusha 0.7 0.4 0.7 0.9 0.7 0.9 0.9 0.8 0.8 0.9 0.8 0.8 0.8 0.6 0.8 0.8
Bukoba -0.8 -0.5 -0.6 0.1 0.7 0.7 0.8 0.7 0.7 0.5 0.8 0.5 0.6 0.3 0.8 0.5
Dia 0.9 0.5 0.9 0.9 0.9 0.9 0.9 0.7 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8
Morogoro 0.9 0.3 0.9 0.9 0.9 0.9 0.9 0.7 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8
Musoma -0.3 -0.1 -0.5 0.3 0.8 0.6 0.9 0.8 0.8 0.5 0.8 0.6 0.7 0.3 0.8 0.6
Tanga 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Zanzibar 0.8 0.8 0.9 0.8 0.8 0.6 0.8 0.4 0.8 0.8 0.9 0.9 0.9 0.9 0.8 0.8
Same 0.9 0.4 0.9 0.9 0.9 0.9 0.9 0.7 0.9 0.9 0.9 0.9 0.8 0.8 0.9 0.8
Mwanza -0.5 0.6 -0.3 0.9 0.9 0.9 0.8 0.9 0.8 0.9 0.3 0.6 0.3 0.6 0.5 0.6
Moshi 0.9 0.4 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.9 0.8 0.9 0.8 0.7 0.8 0.8
llonga 0.9 0.4 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.8
Kibaha 0.9 0.1 0.9 0.9 0.9 0.9 0.9 0.6 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8
Dodoma 0.8 0 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.8 0.9 0.7 0.9 0.4 0.9 0.5
Iringa 0.9 0.5 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.7 0.9 0.6 0.9 0.4
Kigoma -0.1 0.8 -0.2 0.9 0.9 -0.3 0.9 0.8 0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.7
Mbeya 0.9 0.6 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.8 0.9 0.7
Mtwara 0.9 -0.2 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9
Songea 0.9 0.5 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.8 0.9 0.9 0.9 0.8 0.9 0.8
Tabora 0.5 0.6 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.7 0.7 0.5 0.6 0.7 0.4
Average 0.6 0.4 0.6 0.8 0.9 0.8 0.9 0.8 0.9 0.8 0.8 0.8 0.8 0.7 0.8 0.7

Table 3 Pearson correlation coefficient between observed and simulated annual cycles of minimum and maximum temperature.
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Station RACMO22T- HIRHAMS- CCLM- CCLM- CCLM- RCA4- RCA4- RCA4-
ICHEC ICHEC MPI CNRM ICHEC MPI ICHEC CNRM

Arusha 0.53 0.55 0.48 0.71 0.42 0.66 0.39 0.69
Bukoba 0.59 0.84 0.42 0.63 0.49 0.66 0.66 0.57
Dia 0.87 0.80 0.74 041 0.85 0.80 0.88 0.43
Morogoro  0.76 0.84 0.66 0.35 0.71 0.67 0.74 0.56
Musoma 0.40 0.44 0.42 0.66 0.38 0.76 0.47 0.65
Tanga 0.82 0.55 0.69 0.36 0.65 0.68 0.65 0.42
Zanzibar 0.95 0.76 0.79 0.44 0.86 0.85 0.89 0.44
Same 0.62 0.43 0.79 0.40 0.67 0.68 0.61 0.61
Mwanza 0.42 0.87 0.64 0.72 0.68 0.70 0.51 0.67
Moshi 0.27 0.24 0.35 0.35 0.22 0.51 0.45 0.55
llonga 0.82 0.74 0.74 0.54 0.77 0.74 0.71 0.58
Kibaha 0.84 0.84 0.66 0.35 0.78 0.73 0.84 0.45
Kia 0.41 0.41 0.47 0.48 0.36 0.54 0.44 0.55
Mlingano 0.42 0.20 0.58 0.56 0.55 0.47 0.65 0.49
Dodoma 0.91 0.95 0.92 0.87 0.91 0.78 0.70 0.54
Iringa 0.94 0.95 0.93 0.84 0.93 0.82 0.82 0.67
Kigoma 0.87 0.87 0.83 0.96 0.83 0.92 0.87 0.84
Mbeya 0.93 0.96 0.95 0.89 0.93 0.89 0.90 0.80
Mtwara 0.93 0.96 0.75 0.55 0.93 0.71 0.68 0.65
Songea 0.96 0.96 0.97 0.95 0.95 0.88 0.91 0.82
Tabora 0.87 0.93 0.89 0.92 0.88 0.86 0.79 0.76
Igeri 0.92 0.89 0.93 0.90 0.88 0.92 0.91 0.87
Average 0.73 0.73 0.71 0.63 0.71 0.74 0.70 0.62
Table 4 Pearson correlation coefficient between observed and simulated annual cycles of rainfall.

4.2 Annual cycle of rainfall and temperatures

The performance of RCMs in simulating the annual cycle of TN and TX for Tanzania as a whole is presented in Figure 8.
Before comparison, the values of observed TN and TX from 22 stations are averaged to get a single time series of TN and
TX to compare with RCMs outputs (which are calculated in the same way). It is found that overall the RCMs capture the
timing of the annual cycles of TN and TX, although they do not in general reproduce the magnitude of TN and TX. HIR-
HAMS driven by ICHEC and CCLM4 driven by MPI and CNRM overestimate TN throughout the annual cycle. RAC-
MO22T driven by ICHEC, and RCA4 driven by ICHEC and CNRM underestimate TN. The RCMs, including the ensem-
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ble average, all systematically underestimate TX throughout the year. Therefore, it can be concluded that CORDEX RCMs
reproduce the timing of the annual cycle in TN and TX, but underestimate TX climatology. RCA4 driven by all three
GCMs reproduce the magnitude of observed TN and TX better than other models.

The performance of RCMs in simulating the annual cycle of rainfall over bimodal and unimodal regions of Tanzania is
presented in Figure 9. Before comparison the values of observed rainfall from the 14 stations in the bimodal area and the
8 stations in the unimodal are averaged to get a single time series of observed rainfall to compare with the RCMs output.
Over the bimodal region (see Figure 9a) the observed data exhibit two peaks of rainfall, a primary maximum is in April, a
secondary one is in November and a low (minimum) in June, July and August. The RCMs systematically underestimate
rainfall amount particularly in the MAM season and overestimate the rainfall amount in the OND season. In the unimodal
region (see Figure 9b) the length of the rainy season extends from September to May having its peak in the month of Janu-
ary. Further, the models, including the ensemble, average overestimate the rainfall amount from September to January.
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Figure 8 Observed and simulated monthly TN and TX over Tanzania (calculated from1971-2005).
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4.3 Interannual variability of TN, TX and rainfall

Outputs from CORDEX RCMs driven by ERA-Interim data are used to assess the ability of the RCMs to simulate inter-
annual variations of TN, TX and rainfall. These data are available for the period of 1989-2008. The performance of the
models in simulating interannual variability in TN and TX is presented in Figure 10a, b. This figure shows that all RCMs
captured the pattern of interannual variability in TN and TX well. The magnitude of TN is overestimated by all RCMs. All
RCMs including the ensemble average underestimate the magnitude of TX.

The performance of CORDEX RCMs in simulating interannual variability of rainfall is analysed by comparing simulated
and observed interannual variations in rainfall in bimodal and unimodal regions (see Figure 11a, b). All RCMs except
HIRHAMS reproduce the interannual variability of rainfall in unimodal regions. Furthermore, all RCMs except RCA4
reproduce the interannual variability of rainfall in bimodal regions. It can be concluded that CORDEX RCMs driven by
ERA-Interim data fairly capture the interannual variability of rainfall in unimodal and bimodal regions.
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Figure 10  Annual average observed and simulated TN and TX of Tanzania.
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4.4 Trends in observed and simulated temperatures and rainfall

The performance of the models requires further examination, particularly in their ability to reproduce trends in TN, TX and
rainfall. However, the analysis of rainfall trends indicated decreasing trends that are non-statistically significant and there-
fore cannot be used to judge model performance.

The performance of the RCMs in simulating trends in TN and TX for Tanzania is presented in Table 5. Observed data in-
dicate increasing trends in TN and TX at the 95% significance level. All RCMs captured the increasing trends in TN and
TX. All RCMs captured the statistically significant increasing trend in TN, although the trend in the models is only around
a third to a half that in the observations. Therefore these results suggest the potential use of the CORDEX RCMs in simu-
lating TN change over Tanzania. The RCMs ability to simulate trends and gradient at different weather stations in Tanza-
nia is shown in the table. It is important to note that, contrary to the observations, the models generally indicate stronger
increasing trends in TX than TN, except for one model (RCA4). Furthermore one model (HIRHAMS) indicates statistical-
ly increasing trend in TX which is nearly 3 times the observed rate.

Regional climate model l\ilinimum temperature l\ilaximum temperature
(°Clyear) (°Clyear)
RACMO22T 0.022(*) 0.023(.)
HIRHAM5 0.037(**) 0.053(**)
CCLM4 0.020(*) 0.041(*)
RCA4 0.022(**) 0.017(.)
ENSEMBLE 0.026(**) 0.032(*)
OBSERVED 0.060(***) 0.019(*)
Table 5 The Mann-Kendall trend and Theil-SEN's slope estimate in simulated and observed minimum temperature

(all RCMs are driven by ERA-Interim reanalysis data). (***): trend significant at o = 0.001; (**): trend sig-
nificant at o = 0.01; (*): trend significant at a.= 0.05; and (.): trend not significant.

5. Conclusions

In this study, four CORDEX regional climate models (RCMs) driven by three GCMs (MPI, ICHEC and CNRM) and
ERA-Interim data are analysed for their ability to simulate historical or recent climate conditions of Tanzania. The analysis
is based on determining how well the RCMs reproduce climatological trends, and interannual and annual cycles of TN, TX
and rainfall. Statistical measures of model performance that include the bias, root mean square error, correlation and trend
analysis are used. Results showed that all RCMs captured the annual cycle of TN, TX and rainfall, however, generally fail
to reproduce the magnitude of rainfall in the March—April-May (MAM) and October—November—December (OND) sea-
sons. Furthermore, most of the RCMs reasonably reproduce interannual variations and trends in TN and TX. Although
RCAA4 is slightly better than other RCMs in simulating TN and TX over different stations in Tanzania, all models show
reasonably comparable errors. RACMO22T driven by ICHEC simulates rainfall over most stations better than other RCMs
irrespective of the driving GCM.

The sources of the uncertainties for RCMs in simulating climate variables at different stations can be compared. These
uncertainties come from both RCMs and the driving GCMs. RACMO22T and HIRHAMS5 both driven by ICHEC GCM
simulate TN, TX and rainfall with different level of performance over all stations, suggesting this difference is mainly due
to RACMO22T and HIRHAMS formulations. The uncertainties that arise from driving GCMs are analysed when the same
RCM driven by different GCMs simulate TN, TX and rainfall differently over most stations. For example, CCLM4 driven
by three GCMs (MPI, ICHEC and CNRM), simulate TN differently over most stations. In general, the biases and the
RMSE arising from the RCMs and driving GCMs in simulating TN and TX are not too large in most stations. The RCMs
simulate TN better than TX in most stations, with TX underestimated almost everywhere. Although simulated rainfall over
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unimodal compares with observed rainfall with high correlation coefficients, analysis from NBias and NRMSE indicate
the models simulate rainfall better over bimodal regions than over unimodal region.

The results presented in this study are useful, first to climate modellers, since the results may help them to try to investi-
gate why one model can well simulate one climate parameter and poorly simulate other climate parameters. The results
may also be useful to studies that require weather variables at specific location, for example studies that evaluate the im-
pact of climate change on the agriculture sector, or require specific location climate information. Therefore one can choose
specific RCMs that well reproduce the climate of the location of interest.
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