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Information sheet on future climate and impacts in the coastal case studies: Gulf of Oran, Algeria

Summary

· Mean, maximum and minimum air temperatures have increased over the period 1950 to 2050 for the Gulf of Oran. Precipitation shows a small negative trend. The simulated trends are very weak before the year 2000 and accelerate thereafter. 
· Compared to the 1961-1990 period, projected daily mean Tx is about 2°C warmer by the period 1991-2020, and about 4°C warmer by the period 2021 to 2050. 
· At the monthly scale, and compared to the period 1961-1990, the main rainy period (Oct-Mar) over the Bay of Oran is projected to be drier although March remains the wettest month with little change in rainfall. As well as less rainfall projected in winter, May becomes drier and drier. July rainfall does not change significantly.
· Extreme temperatures show a general increase. Weather-related mortality is expected to increase as more extreme climate conditions occur.
· During summer, urban areas show an additional warming of around 1.5°C during the daytime and around 0.8°C at night relative to that simulated for needleleaf trees under similar climate conditions. Seasonal temperatures show that urban areas in the Gulf of Oran are warmer than surrounding areas during summer and slightly cooler in winter.
1. Introduction 

This information sheet is the third in a series considering the present and future impacts of climate change over the Gulf of Oran. The first information sheet focused on observed climate-marine conditions (Senouci, 2009). Climate indicators for the Gulf of Oran show warming since the 1970s, a significant increase in the frequency of hot days, a decrease in total annual rainfall since the mid 1970s, a marked seasonal shift in daily rain occurrence and more frequent autumn storm activity in recent decades.

The second information sheet (Taleb et al., 2010) focused on biophysical and social vulnerability indicators. In coastal systems, vulnerability is a function of the natural characteristics of the environment (physical, chemical, biological), as well as the socio-economic characteristics that interact and modify the natural dynamics. The vulnerability of each element depends on the degree of exposure, sensitivity and adaptive capacity to climate forcing variables. In the Gulf of Oran, increasing temperatures may have contributed to the appearance and persistence of some alien invasive species as the Jellyfish, Pelagia 
noctiluca and the green algae, Caulerpa racemosa which subsequently have impacts on ecological genetic diversity, and socio-economic activities. Negative climate-related impacts on prey species distribution and abundance have significant indirect consequences on food-web changes for odontocetes cetaceans such as common dolphin, Delphinus delphis and bottlenose dolphin, Tursiops truncates off the Algerian coast. The Oran coastal area is exposed to several sources of pollution. This can increase the vulnerability of human communities and ecosystems to the additional potential hazards of climate change. This vulnerability is highlighted through the ecological fragility of littoral sites and buffer zones within the case-study region. This information sheet focuses on climate scenarios for present and future periods in the Gulf of Oran (1950-2050), based on a set of the most recent model runs including for the first time a coupling of the Mediterranean Sea with the atmosphere. Selected variables are analyzed and compared to observations (precipitation, mean, maximum and minimum temperature). Preliminary analysis of the impacts is presented (mortality, water resources, wheat yield). Further research on impacts is ongoing.
Climate models
The CIRCE project climate model runs are used to explore present and future climate changes in the Gulf of Oran for the period 1950-2050. Simulations have been made using the A1B scenario for greenhouse gas emissions and aerosols (Nakićenović et al., 2000). The different models and corresponding areas for the Gulf of Oran are shown in Figure 1. In this information sheet, four CIRCE models have been used: INGV, CNRM, IPSL1 and ENEA (for further information see, http://www.cru.uea.ac.uk/projects/circe/projections_models.html).
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Figure 1: Gulf of Oran areas covered by the CIRCE climate models. 
Climate conditions
What is it?  

Projections of some pertinent atmospheric parameters simulated by four CIRCE models for the period 1950-2050 are presented in Figure 2. Mean values and trends for the ‘present’ climate, 1961-1990 and the ‘mid-century’, 2021-2050 are given in Table 1. This table also provides long-term, mean changes and mean change rates (and standard deviations) between these two periods. In the study we have focused on observed and projected changes for mean, minimum and maximum air temperatures, extreme temperatures, and precipitation. This variability will be characterised also at a daily mean time scale.
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Figure 2: Simulated atmospheric variables in the Gulf of Oran (averaged over the areas shown in Figure 1) from a set of CIRCE models for the period 1950-2050. The black line is the average time series based on the four different simulations (ensemble). The variables are mean (Tmean), minimum (Tmin) and maximum (Tmax) air temperature (at 2m), and precipitation (RR).
Table 1: Mean values and trends for some key variables simulated by the four coupled models in the Gulf of Oran area (Figure 1) based on ensemble averages, for the present, 1961-1990 and mid-century, 2021-2050 periods. Mean long-term changes between the periods 1961-1990 and 2021-2050 are also shown. Inter-model ranges are shown as the standard deviations between estimates from the four models.  
	Variable
	Present climate
(1961-1990)
	Mid-century (2021-2050)
	Long-term

(1961-1990 minus 2021-2050)

	T mean (°C)

(°C/decade)
	13.7±0.29

0.10±0.06
	15.3±0.47

0.47±0.05
	+1.6±0.50

0.37±0.08

	T max (°C)

(°C/decade)
	20.5±0.40

0.10 ±0.08
	22.3±0.53

0.50±0.07
	+1.8±0.60

0.39±0.10

	T min (°C)

(°C/decade)
	14.2±1.31

0.07 ±0.05
	15.6±1.28

0.49±0.05
	+1.4±0.51

0.42±0.08

	Precipitation (mm)

(mm/ decade)
	344.7±45.3

-0.66±9.72
	305.7±46.49

-1.38±9.98
	-39.0±63.45

-0.72±13.62


What does this show?  

Compared to the observed station data (not shown), with the exception of Tmax data, the Tmean and Tmin simulations underestimate the raw observed data (1961-1990). This difference between observed and model data is subsequently taken into account for analyzing and measuring impacts and vulnerability (see Section ‘Bias Correction’). The observed annual Tmean in Oran station ranges from 16 to 19°C. The projections show similarity in terms of inter-annual variability. However, the INGV model overestimates observed values. Temperatures for the period 2021-2050 are projected to be warmer by about +1.4°C for Tmin, +1.6 for Tmean, and +1.8 for Tmax, relative to the observed period1961-1990. 

For precipitation, the ENEA model values largely overestimate observed values (1961-2010), but give a very strong relationship in terms of inter-annual variability. Projections for the period 2021-2050 suggest that precipitation will be slightly less than that recorded between 1961 and 1990.

Why is it relevant?
Mean model simulated values for temperature are cooler than the raw observed values at a professionally referenced meteorological station located in Oran - Es Senia (lat: 35.7°N and Lon: 0.6°W). The mean difference between the time-series is about 3°C. However, in terms of quantities and for precipitation amounts, the different models underestimate the observed data, while the ENEA model overestimates them, but reproduces the observed inter-annual variability trends. This last and important characteristic will allow us to study the impacts and vulnerabilities for some key social and economic sectors. 

Monthly temperature and rainfall for present and future periods
To illustrate the changes more clearly at a monthly time-scale, mean data (precipitation, mean temperature, minimum and maximum temperatures at 2m level) from the four CIRCE models for three different 30-year periods (1961-1990; 1991-2020; 2021-2050) are plotted (Figure 3). Compared to the period 1961-1990, the main rainy period (October-March) over the Bay of Oran is expected to be drier (particularly in winter), although there is little projected change in the wettest month – which remains March. May becomes drier and drier, while precipitation does not change significantly in July. Temperatures are in general projected to increase. In particular, mean maximum temperature (Tx) is expected to be much warmer for the summer season for the period 2021-2050. August remains the hottest month for the future climate periods. 
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(d)

	Figure 3: Mean monthly rainfall (a), mean (b), minimum (c) and maximum (d) temperatures for three periods (1961-1990; 1991-2020 and 2021-2050).


Human comfort indices
What is it?  

Change in one of the basic abiotic factors of the urban ecosystem - the climate, as a result of city development influences the level of human thermal comfort. A number of indices and parameters are used to express the impact of climate on human comfort. The widely used temperature-humidity index (THI), also known as the heat index (Thom, 1959) has been used as a measure of human comfort (e.g., Kyle, 1994). For the purpose of this study, two biometeorological indices have been chosen: the cooling power (wind chill) index ‘K’ of Siple and Passel (1945) later modified by Besancenot (1978) and Thom’s THI. These indices were also employed in Tunisia to evaluate the thermal comfort and tourism impacts (Henia and Alouane, 2007). THI produces values very close to the effective temperature for a range of temperatures and related humidity. Daily data for air temperature, relative humidity and wind speed from the CIRCE model ensemble are used to calculate THI (°C) and K (W/m2) using the formulae: 

THI = T- [(0.55 - 0.0055×U%)(T-14.5)] 
where ‘T’ is temperature in °C and ‘U’ is the relative humidity of the air

K = 1.163(10.45 + 10 √v-v)(33-t); W/m2
where ‘v’ is wind velocity in m/s, and ‘t’ is air temperature in °C.
Table 2: Classes of Thom’s THI (top) and cooling power index K (bottom)

	THI index

	Class (THI)
	Very cold
	Cold
	Cool
	Comfortable
	Hot
	Very hot
	Torrid

	THI index
	THI < -1.7
	-1.7 to 12.9
	13 to 14.9
	15 to 19.9
	20 to 26.4
	26.5 to 29.9
	≥
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	‘K’ Piessel index modified from the Besancenot index

	class (K)
	Endothermal very hot discomfort
	Atonic-hot discomfort
	Hypotonic-hot sub comfort
	Neutral - comfort
	Tonic–cold
sub comfort
	Cold discomfort

	K index
	<0
	0 to 174
	175 to 349
	350 to 699
	700 to 1049
	≥ 1050


These indices were calculated to investigate the biometeorological impacts and comfort using CIRCE models simulations (ensemble) for three periods (1961-1990; 1991-2020 and 2021-2050), first for the complete period, and second, for the main tourism season in Oran, June-July-August (Table 3). 
Table 3: Human comfort indices, THI (top) and K (bottom) for the observed period (1961-1990) and two’ future’ periods (1991-2020 and 2021-2050), calculated using mean output from the CIRCE climate models.
	THI index, annual percentage in each class

	Period
	Very cold
	Cold
	Cool
	Comfortable
	Hot
	Very hot
	Torrid
	Total

	1961-1990
	0
	45.05
	8.90
	20.21
	25.85
	0
	0
	100

	1991-2020
	0
	41.69
	9.31
	19.93
	28.81
	0.26
	0
	100

	2021-2050
	0
	37.27
	9.58
	19.61
	31.66
	1.87
	0
	100

	THI index, June-July-August  frequency (number of cases)

	1961-1990
	0
	0
	3
	418
	2339
	0
	0
	2760

	1961-1990
	0
	0
	0
	301
	2453
	6
	0
	2760

	1991-2020
	0
	0
	0
	148
	2519
	93
	0
	2760

	THI index, June-July-August, percentage in each class

	1961-1990
	0
	0
	0.11
	15.14
	84.75
	0
	0
	100

	1991-2020
	0
	0
	0.00
	10.91
	88.88
	0.22
	0
	100

	2021-2050
	0
	0
	0.00
	5.36
	91.27
	3.37
	0
	100


	K Piessel index modified from the Besancenot index, annual percentage in each class

	Period
	Endothermal very hot discomfort
	Atonic- hot discomfort
	Hypotonic- hot sub comfort
	Neutral - Comfort
	Tonic – cold sub comfort
	Cold discomfort
	Total

	1961-1990 
	0
	5.28
	29.78
	51.36
	13.58
	0
	100

	1991-2020 
	0
	8.77
	29.37
	51.58
	10.28
	0
	100

	2021-2050
	0
	15.41
	26.80
	50.42
	7.37
	0
	100

	K index, June-July-August, frequency (number of cases)

	1961-1990 
	0
	558
	1999
	203
	0
	0
	2760

	1991-2020 
	0
	903
	1706
	151
	0
	0
	2760

	2021-2050
	0
	1515
	1159
	86
	0
	0
	2760

	K index June-July-August, percentage in each class

	1961-1990 
	0
	20.22
	72.43
	7.36
	0
	0
	100

	1991-2020 
	0
	32.72
	61.81
	5.47
	0
	0
	100

	2021-2050
	0
	54.89
	41.99
	3.12
	0
	0
	100


What does this show? 

The analysis of the comfort indices THI and K show a tendency towards increasing discomfort (Table 3). For the period 2021-2050, almost 32% of the numbers of days are classified as ‘hot’ for THI and relative to the observed period, there is an increase in the occurrence of the ‘atonic-hot’ discomfort K class, (from 5 to 15% of the total number of days). During the main tourism season June-July-August, the ‘hot’ and ‘very hot’ classes of THI represent 95% of the total days, and 55% are classified as ‘atonic-hot’ discomfort for the K index. At a monthly level, for July and August, K values are increasingly classified as ‘atonic-hot’ discomfort, and THI is particularly high in August for the decade 2040-2050 (Figure 4).

Why is it relevant?
In Oran, the process of city growth and its influence on the wind and air temperature regime could result in the formation of unfavourable biometeorological conditions in summer which is the main tourist season. These results should be taken into account to reduce the negative impacts of such discomfort on human health and tourism sectors and to take adequate decisions especially in the regional plan of land management in Western Algeria and the development of the National Climate Plan.
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Figure 4: Long-term variations and trends of THI and K indices with a thick blue line representing the 5-year moving average; the thick green line represents K=350 the lower limit of the neutral comfort class for K.

Bias correction
As we have already established in past studies  a relationship between observed meteorological parameters (taken here as predictors) and some predictands (mortality, grain yield…), and because the model simulation data underestimate highly the real climatology of the Bay of Oran and in order to conduct the following impact analyses of these predictands based on future CIRCE projections, particular attention has been given to the calibration of climate projections (precipitation, Tx, Tn and Tmean)  to reduce the bias between model and observed values for the bay of Oran to allow the investigation of real impacts. The calibrated INGV temperatures were used to study mortality (INGV in this information sheet is arbitrarily chosen for preliminary analysis). However, for the impacts on water resources the choice of the ENEA model for precipitation is justified by the synchronous inter-annual variability (in phase) between model and observed data, even though the magnitudes differ (between observed and simulated values). Finally, combined data from INGV and ENEA outputs were employed for the study of impacts on wheat yield. 

For the impact assessment, future projections data are calibrated using neural networks. This method does not necessitate any forcing and does not change the inputs (Boe, 2007). In the neural network modeling, the data are split into two periods: 

1st period for training (1961 to 2000): both for CIRCE model data and for observed values.
2nd period for validation (2001-2010): illustrated in Figure 5 which shows observed and projected (following neural network techniques) rainfall. 
The correlation between observed and modelled time-series is greater than 0.8 for both rainfall and maximum temperature. Projections for the period (2010-2050) are calibrated using the same neural network model developed for the period 1961-2000 and validated for the period 2001-2010.

This is a preliminary analysis of the CIRCE simulations; the ARCE team with a large scientific community is planning to develop in the near future wider impacts research in different sectors based on the full data set available from the CIRCE simulations.
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Figure 5: Annual rainfall for the validation period 2001-2010, for observed (blue line) and ENEA model (red line) rainfall modeled using neural network techniques. The coefficient correlation r = 0.80
Mortality
What is it?  

To assess the possible impact of the increase in maximum temperature and heat waves on mortality in Oran city, a relationship between mortality in the summer season (June-July-August) of the period 1982-2010 (source: service of cemetery of Oran) is established with the following climate parameters: 

· June; July; August average maximum air temperature (Tx)
· Maximum length of the heat wave (for Tx ≥ 30 °C)

· Maximum length of the heat wave (for Tx ≥ 35 °C)

· Maximum length of the heat wave (for Tx ≥ 40 °C)

· Number of days per year when Tx ≥30 °C 
The neural networks modeling technique is used (see previous section) and validated over an independent period. All listed temperature-based series are used to develop a relationship and estimate mortality for the period 1950-2050. 
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[image: image26.png]Figure 6: Observed mortality evolution time-series in summer left graph (1980-2010), and summer mortality in Oran, 1950-2050, calculated using mean output from the INGV CIRCE climate model for the Oran case study area (right graph)
What does this show? 

The estimated mortality series shows a highly significant and positive trend over the full period (Figure 6). A decreasing trend in mortality up to about 1990 is, however, observed which could be due in part to external causes. The higher the summer daytime temperatures, the more weather-related deaths are observed. Using this approach to understand weather-health relationships and to monitor pertinent climate parameters could help to prevent increases in mortality or disease during specific weather conditions. 

Why is this important? 
The influence of increasing temperatures on human body behaviour should not be neglected. The strong statistical relationship is obviously evident. Consideration of future climate projections could help to prevent increases in health-related disease and mortality and could help to prepare in sufficient time an emergency health plan.
Water resources
What is it?  
To assess the impact on water resources of future climate parameters simulated by the ENEA CIRCE model, a linear relationship is developed between the total annual calibrated precipitation and annual runoff observed at the hydrological station of Sidi Ali Benyoub (close to Oran) for the period 1950-2004. The choice of measurement station was made on the basis of consistency of data, but there was certainly a change in soil occupation. We have not used training and validation periods because of the shortness of the time-series. The relationship is given through a linear equation model: Runoff contribution (HM3) = 0.057 x average rainfall (mm). The correlation coefficient is equal to 0.928 (statistically significant at the 0.05 level). This statistical equation was then applied to estimate the future behaviour of annual runoff at this location for the period 1950-2050. 
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Figure 7: Runoff evolution at a hydrological station estimated from simulated precipitation from the ENEA model.
What does this show? 

Annual runoff does not show a statistical significant trend over the period 1950-2050 (Figure 7). However, from 2030 there is decreasing runoff reflecting the projected behaviour of rainfall for the same period.


Why is this relevant? 

Any potential decrease in runoff and in terms of quantities could have a negative impact on water needs for population (less water supply) which could affect the comfort, health and all other commodities depending on water. Furthermore, the local agricultural communities would certainly also be affected. 

Wheat yield

What is it?  
To assess the impact of climate change on wheat yield, the FAO water satisfaction index (Frere and Popov, 1986) is used to simulate wheat yield for an agricultural region located in Sidi Belabbès plain (close to Oran). This index represents, at any time of the growing season, the ratio between the actual and potential evapotranspiration of the plant. In brief, the water satisfaction index is calculated as follows: it assumes that during the sowing period of the plant, the soil water reserve is higher than required during the first decade just after its growth. The index is then set at 100 for the first decade. It remains at this value as long as no water deficit is recorded. When water deficit occurs, the index value will decrease, the percentage calculated from the ratio of the deficit and the total water needs throughout the growth cycle. Even if a water deficit is compensated over a successive period, the value of the index will not increase. 
The index correlated with the wheat yield is calculated on the basis of a daily water balance from sowing to harvest. For sowing, this index is initialized to 100, if there is a water deficit at day ‘J’, the index is diminished proportional to the deficit, otherwise the value of J-1 is kept. Thus the final index at harvest is representative of the whole growth season. In this analysis, daily data are used. The increase in temperature is represented in the increase of potential evapotranspiration. The model has not been validated because of the shortness of the yield time-series available. By the end of the growing season, the water satisfaction index reflects all cumulative water deficits experienced by the plant. The annual wheat yield time series (source: ITGC, Institut Technique des Grandes Cultures d’Alger) is correlated with the annual rainfall calibrated time series for the period 1984 to 2004, after calculating the water satisfaction index. This relationship is given through the following linear regression: Yield (Q/ha) = 0.094 x FAO water satisfaction index (r = 0.94).
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Figure 8: Crop yield in Q/ha in relation with FAO water index, for the period 1950-2050, estimated using mean output from the ENEA and INGV CIRCE climate models.
What does this show? 

Grain yield was estimated for the period 1950 to 2050 (Figure 8). The resulting time-series shows a downward trend of about 2% per year, but this trend is not significant at the 0.05 level.

Why is this relevant? 

In spite of the weak negative trend, the impacts on cereal needs could be important because the population will grow and the planting areas remain limited. 

Socio-economic trends and impacts

This is similar to a study undertaken by Bounoua et al. (2009), but the main objectives are to evaluate the vulnerability and impacts on the bay of Oran using data from the biospheric model SIB2 (Sellers et al., 1996a,b). Oran is a relatively small city; however, during the last few years it has experienced substantial economic development and is poised to grow even further. Population increased by about 233% between the years 1950 and 2000 (Table 3). In the year 2000 (considered as a reference year for Oran’s future population projections), urban land use was about 115.6 m2/capita. As population increases so does urban land use, since more land is required for housing, business and transportation infrastructure. Assuming per capita urban land use remains constant at the year 2000 level and population growth stabilizes at the average UN-estimated rate between 2000 and 2015, the urban fraction over the Bay of Oran is expected to reach roughly 60% of the total area (Figure 9). Due to its geomorphology and the hard limits imposed by the Murdjadjo Mountain to the west and the Mediterranean Sea to the north, the extension of urbanization in the Bay of Oran is likely to intensify to the east and southeast following the coastal shores, thus infringing on fertile land. This expansion may have important implications on local climate and the sequestration of carbon. While it is certain that urbanization is going to expand in the Bay of Oran, it is extremely difficult to predict where the urban development is going to take place, since it depends on many factors beyond the scope of this report. It is possible, however, to simulate plausible theoretical scenarios, based on past and present trends and to evaluate the impact of urban land use on surface climate and carbon sequestration through analysis of gross primary productivity. 
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Table 3: Oran population from 1950 to 2050, Data from 1950 to 2000 are obtained from the UNFAO and are based on actual census. Population counts from 2000 to 2050 are projections using a simple population growth model based on the assumption that population growth will stabilize at the 2015 growth rate estimated as an average rate over the 5 year period between 2010 and 2015 (http://books.mongabay.com/population_estimates/full/Oran-Algeria.html). Yellow corresponds to census data, pink is the reference year, green corresponds to the reference growth rate and blue represents projected population numbers.
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Land Use for the Bay of Oran
In this study, we present results obtained from simple biospheric models (SiB2), further details can be found in Sellers et al. (1996) and for the Oran case study, in Bounoua et al. (2009). 
Land use for the Bay of Oran is shown in Figure 10 and defined in Table 4. It is not surprising for this semi-arid region that shrublands, bare soil and the urban classes collectively cover more than 60% of the total area. The remainder 40% is composed of about 9% seasonal grassland, 15% seasonal cropland and only about 16 % of forest, most of it evergreen needleleaf. The urban area occupies a significant fraction compared to other classes. It has been suggested that this causes the local urban climate to be warmer than the surrounding rural areas (Bounoua et al., 2009). This effect, known as the Urban Heat Island (UHI), is a normal response to substantial differences between the land surface optical, morphological and biophysical characteristics of impervious and vegetated lands. 
In this report, the UHI analysis is done using the surface skin temperature and may therefore present a different response to that using surface air temperature. Important differences may also exist between different types of impervious surfaces and between different vegetation classes. However, because most of the impervious surface is surrounded by short vegetation or bare soils in the Bay of Oran, the surface energy balance, in this semi-arid region, presents a characteristic not found among temperate cities, in that the urban albedo is higher than that of the surrounding regions. The difference between the surface energy budget of the urban and non-urban areas is thus largely modulated by albedo and transpiration. Depending on season, these two factors may exacerbate or offset each other. During summer, the lack of evaporation and associated warming overwhelms the cooling effect of high albedo in urban areas compared to non-urban areas which still maintain some transpiration. In contrast, during winter, in addition to high albedo, impervious soils are exposed and evaporation takes place without resistance; thus enhancing the cooling effect compared to non-urban areas in which transpiration is limited by cold temperatures, thus shunting most of the absorbed energy into sensible heat (Bounoua et al., 2009). 
These results are consistent with other studies of urbanization in some arid zones which reveal a relatively weak UHI compared to cities in temperate climates embedded in forested regions. There may even be a heat sink when evaporation is substantial (Shepherd, 2006). 
The configuration of land use in the region plays an important role in defining its local climate. Impervious lands, water bodies, trees and green spaces are crucial elements when considering livelihood in a city. Green vegetation not only cools the air through evapotranspiration, but also acts as a natural sink for carbon dioxide, an important greenhouse gas. Vegetation is a major pathway by which soil water is transferred to the atmosphere during the process of carbon sequestration and therefore has the potential to respond to and affect the land hydrology, and modulate surface climate. On an annual average basis, global terrestrial vegetation fixes about 56 Petagrams (1 Petagram = 10E15grams) of carbon. For sustainable urban livelihood, it is thus essential to have an appropriate mix of vegetation, water bodies and built-up areas.
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The widespread shrubby vegetation (type 9) has the largest annual carbon uptake of 0.62 million metric tons, about 90 % of which takes place outside the rainy season (Table 4). The amount of carbon assimilated during the rainy season is small for all land cover types; suggesting that in this semi-arid region, seasonality has a strong influence on the relatively weak carbon cycle. Croplands (type 12) have the second largest assimilation rate followed by trees (type 4). Overall, trees and cropland contribute to 46% of the carbon uptake while grassland and other unmanaged shrubland contribute 56%. Soil respiration is an important mechanism restoring carbon to the atmosphere. Globally, heterotrophic respiration accounts for about 98% of the total gross primary productivity (Schlesinger, 1991). This implies that in the Bay of Oran, the annual carbon sequestration is relatively small accounting for an annual terrestrial carbon sink of about 0.05 million metric tons for the entire region.

Table 4: Mean monthly carbon uptake (billion [109] grams) for each vegetation type in the Bay of Oran (after Bouna et al., 2009).

	Type
	4
	7
	8
	9
	11
	12
	Total

	Class
	Evergreen needleleaf
	Grassland
	Urban
	Shrubs with bare soil
	Bare soil
	Agriculture/ grassland
	

	January
	20.0
	5.37
	0
	32.7
	7.55
	33.0
	98.5

	February
	19.0
	10.5
	0
	33.2
	16.4
	31.1
	110

	March
	24.7
	14.1
	0
	60.7
	21.0
	48.6
	169

	April
	74.1
	32.4
	0
	105
	44.0
	86.6
	342

	May
	82.3
	33.4
	0
	81.1
	32.8
	51.2
	281

	June
	72.1
	32.2
	0
	89.8
	33.5
	87.6
	315

	July
	30.1
	27.1
	0
	56.1
	30.2
	35.8
	179

	August
	10.5
	19.7
	0
	32.7
	24.3
	12.9
	100

	September
	5.08
	8.96
	0
	24.5
	18.1
	3.45
	60.0

	October
	12.5
	7.36
	0
	33.7
	12.5
	11.6
	77.7

	November
	23.4
	6.17
	0
	35.7
	9.2
	18.2
	92.6

	December
	27.1
	5.37
	0
	40.8
	7.55
	30.4
	111.0

	Total
	401
	203
	0
	625
	257
	450
	1940


What does this show? 

We use data from a land surface model SiB2 (Sellers et al., 1996, Bounoua et al., 2009) in which the urban class is represented as bare soil morphological, physiological, and optical properties with the following modifications: urban classes comprise some vegetation mixture within the impervious surface and are assigned the lowest normalized difference vegetation index (NDVI) value and the lowest value for the maximum photosynthetic capacity; a higher soil reflectance obtained as an average for similar impervious surfaces (Akbari, 2002); and rougher surface elements and a superficial soil layer completely impermeable to water. 

Six model simulations were performed (see Bounoua et al., 2009) and results are inter-compared to quantify the impact of different land cover types on seasonal and annual temperature and carbon uptake. This study contributes to our understanding of the concept of land use alteration and desertification, especially in this region adjacent to the large Sahara desert. This analysis indicates that the Urban Heat Island (UHI) effect is not as strong as that observed for some cities in a temperate climate region surrounded by forest (Imhoff et al., 2010). This may be because the city is built in a semi-arid region within a mix of short shrubby vegetation and bare soils which behave much like an urban area, especially during the summer. Bounoua et al. (2009) show that increasing urbanization may have different outcomes on surface temperature and carbon sequestration. If the urban fraction is increased in a ‘business-as-usual’ way, the carbon budget is severely reduced by 39 % with no significant changes in surface temperature. 

Bounoua et al. (2009) also show that if the urban fraction in the Bay of Oran is allowed to expand from year 2010 to 2050 and if the increase in urban fraction is accompanied by an equal increase in the fraction of existing forest at the expense of short vegetation, this will cool autumns and winters and warm summers relative to the present situation. The simulated carbon uptake is expected to decrease by 44%. 
For the six model simulations, monthly mean surface temperature and Gross Primary Productivity (GPP) or (carbon uptake) has been saved and analyzed for the entire region of the Bay of Oran. The following analysis will consider the monthly mean seasonal cycle as well as the annual mean. Three scenarios are considered, together with a control simulation: 
Control represents the actual situation corresponding to the year 2002 land cover and land use along with the 2002 climate. 
Scenario 1 represents a situation where the urban fraction in the Bay of Oran is allowed to expand from 2010 to 2050 and where the increase in the urban fraction is done in a business as usual way – that is urbanization randomly replaces all vegetation types, except forest, by an equal fraction. The existing forest is assumed to be kept intact. 

Scenario 2 represents a situation where the urban fraction in the Bay of Oran is allowed to expand from 2010 to 2050 and where the increase in urban fraction is combined with an equal increase in the existing forest, as much as possible, at the expense of short vegetation.
Scenario 3 represents a situation where the urban fraction in the Bay of Oran is allowed to expand from 2010 to 2050 and where the increase in urban fraction is combined with an equal increase in a locally adapted oriental plane tree (Platanus orientalis), as much as possible at the expense of short vegetation. The cropland area is maintained unchanged.
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Scenario 1: 
In this scenario, the urban fraction is increased to accommodate the increase in population from year 2010 to 2050. The increase in the urban fraction is simulated in the form of a business-as-usual schema whereby urbanization randomly replaces all vegetation types by an equal fraction except the existing forest. This scenario, to some extent, corresponds to what has happened during the last few decades. Oran’s population is expected to reach about 2.5 million inhabitants by the year 2050 with a dramatic (although conservatively proportional) increase in urban land use (Figure 9). The increase in urban area obviously reduces the land that would have been allocated to other land-use types. Applying this scenario for different time horizons results in the land use distribution illustrated in Figure 11. While the proportion of existing forest is forced to remain the same, all other vegetative types are reduced. By the year 2050, this scenario indicates that the urban area could reach about 57% of the total area whereas croplands are reduced to about 7% and grasslands may disappear all together. Since the urban landuse grows at the expense of short vegetation and albedo remains higher than the surrounding vegetation, the annual change in the mean surface temperature is not significant (Figure 12). In contrast, the carbon budget is severely affected with the carbon uptake for 2050 decreased by about 39%, representing a significant reduction in the natural carbon sink mechanism (Figure 12).
Scenario 2: 

This scenario also allows the fraction of urban areas to increase to accommodate population increase, but it also forces a corresponding increase in the existing forest area, at the expense of short vegetation. Similar to scenario 1, by the year 2050, the urban fraction increases to 57%, however, simultaneously the area of existing forest increases from 16% to 43%. All other short vegetation types are depleted (Figure 13). The annual temperature change is perceptible but insufficient to affect surface climate (Figure 14). However, significant changes occur at a monthly scale. For example the mean weighted surface temperature for March is reduced from 10.9 °C for the control to 10.7 °C by the year 2050. Conversely during the month of August temperatures increase from 29.4°C to 29.6°C between the control and the year 2050. Overall this scenario accentuates seasonal variation in surface temperature (Figure 15). As a whole, it results in cooler autumns and winters, and warmer summers than the control. This shift in the surface energy balance is exclusively due to changes in land use and indicates that terrestrial vegetation is an important modulator of the surface climate; and even more so in cities in semi-arid regions. The carbon uptake is significantly reduced in this scenario. This is expected despite the increase in the area of the existing forest. In the Bay of Oran, the simulated gross primary productivity of existing forest (Type 4) is relatively weak (Table 4). The existing forest is mostly composed of needleleaf evergreen trees which, in this region, are less productive than shrubby vegetation. This suggests that the trees are water and temperature stressed and their production is limited. While these trees appear to be resistant and have, with time, developed the capacity to survive the summer droughts of the region, they do not represent the best mechanism to modulate climate and sequester carbon. However, they play an important role in reducing soil erosion and providing ecosystem services in the region, especially along the slopes of the Murdjadjo Mountain. Due to increases in urban land, the overall carbon uptake is reduced by 44% in 2050. This is a significant drop in carbon sequestration for a region that is a small carbon sink to start with and which has the capacity to improve carbon sequestration to reduce its carbon footprint.
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Scenario 3: 

Scenario 3 represents an attempt to remedy the weak gross primary productivity of existing forest types. It allows the urban area to expand to accommodate the increase in population but at the same time allows an equal increase in a newly introduced, adapted plane tree (Platanus Orientalis, also known as the oriental plane), at the expense of short vegetation and the existing needleleaf evergreen forest. In this scenario the cropland area is maintained unchanged throughout the five time horizons (Figure 16). The oriental plane (labeled type 1 in Figure 16) is said to have been introduced to the region by the Europeans in early times. Generally, it is found in riverine settings, together with other trees such as the alder and the willow. Over time it has adapted to the North African climate and is quite capable of survival and success in dry soils once it is established. The plane tree assimilates much more carbon than the evergreen needleleaf trees even under stressed conditions. 
The objective of this scenario is to explore whether planting adapted trees in parallel to an unavoidable increase in urban surface area could modulate the local climate and help make the Bay of Oran a net carbon sink. While maintaining the cropland area at its control level is not realistic, it is a means by which the scenario accounts for the existing urban agro-forestry that has existed in this fertile land for generations. As in previous scenarios, the urban fraction reaches 57% of the total area by 2050. At the same time horizon, the newly introduced urban forest occupies about 26% and cropland takes up 16%, respectively of the area (Figure 16). The newly introduced trees cause annual mean surface temperature to decrease by 0.2°C with a maximum average cooling of 0.4 °C in June, July, and August. 
Remarkably, despite an increase in the urban fraction to 57% of the total area, the carbon uptake increases by 0.59 million tons, a healthy 30% increase from the control (Figure 17). In a previous study, Bounoua et al. (2009) show that if the urban fraction increases up to 50% with the plane trees occupying 27% without altering the exiting forest and the cropland area remains at 7%, the mean July temperature would decrease 0.9 °C. It is clear that for this region, scenario 3 presents maximum advantages. First it allows for the urban area to expand accommodating the population increase to 2050; second, it maintains a healthy forested area to a standard of about 50 m2 per capita by the year 2050. Most importantly, it maintains a sizeable amount of land for crops and agro-forestry. In addition, it reduces the mean annual surface temperature by close to a quarter of a degree and adds 0.59 million tons of carbon uptake compared to the current situation, bringing the total carbon sequestration to 2.52 million tons of carbon per year. Plane trees may not be the only trees that can achieve this result and the use of other locally adapted trees should be explored. Biotechnological development has reached a stage where trees can be genetically improved to resist environmental stresses such as those from water and temperature, yet able to assimilate a significant amount of carbon compared to that simulated in this study.
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