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Abstract 

We evaluated climatic data for the central coastal region of Peru (Lima) as simulated by 

the climate models used in the Coupled Model Intercomparison Project Phase 5 

(CMIP5). The models were: MIROC-ESM, CSIRO Mk 3.6, CNRM-CM5, GFDL-CM3, 

IPSL-CM5A-MR, and MPI-ESM-LR, with respective spatial resolutions of 2.81° × 

1.77°, 1.875° × 1.86°, 1.4° × 1.40°, 2.5° × 2.0°, 2.5° × 1.27°, and 1.875° × 1.875°. The 

models were built using observed meteorological data from this region for the 1975–

2005 period and were employed under the IPCC's RCP2.6 and RCP8.5 scenarios. 
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The RCP2.6 and RCP8.5 scenarios were selected because they represent low and severe 

CO₂ concentration pathways, respectively. This approach allows for an assessment of 

the full range of potential climate impacts, from a future with ambitious mitigation 

(RCP2.6) to one with no mitigation intervention (RCP8.5). Thus, it provides a solid 

foundation for adaptation and mitigation decision-making, highlighting the urgency of 

climate action in the face of projected risks. 

Using the Coupled Model Intercomparison Project Phase 5 (CMIP5) models, this study 

assesses their ability to predict mild and extreme climate events, as well as the critical 

implications for the agricultural sector. The analysis is particularly relevant for key 

crops in the area, such as asparagus (Asparagus officinalis), avocado (Persea 

americana), citrus fruits, grapevine (Vitis vinifera), maize (Zea mays), and the emerging 

and vulnerable quinoa (Chenopodium quinoa Willd.). Quinoa was specifically planted 

in an agricultural plot in La Molina, on the central coast of Lima, Peru, to evaluate its 

phenology, which could be affected by severe climate patterns until the end of the 21st 

century. 

The results of this study reveal high variability among the models in the climate 

projections for the central region of Lima, with notable discrepancies in temperature and 

precipitation trends. The projections indicate significant warming, ranging from +1.2°C 

under the RCP2.6 scenario to +4.4°C under the RCP8.5 scenario, expected in the 

evaluated arid zone by the end of the century. 

KEYWORDS: Climate models, CMIP5, RCP scenarios, climate projection, agricultural 

climatology, quinoa (Chenopodium quinoa Willd.), Peru. 

1. Introduction 

Global climate change 
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The planet's climate has historically maintained a balance due to its resilience. However, 

we are currently experiencing climate changes driven by increased concentrations of 

carbon dioxide (CO₂) and other greenhouse gases, generated by anthropogenic activities 

and fossil fuel consumption stimulated by economic and demographic growth. 

Consequently, among the temperatures recorded over the last 171 years on the Earth's 

surface, those from the period 1995-2006 were the warmest. Between 1906 and 2005, 

the planet's temperature showed a climatic variability increase of 0.74°C [1]. 

In 2018, the Intergovernmental Panel on Climate Change (IPCC) published a report on 

the impacts of global warming of 1.5°C under the best-case scenario and up to 2.0°C 

under the worst-case scenario for the next fifty years. IPCC reports present regional 

studies from climate models worldwide and outlines the most dramatic pathways for 

CO₂ and other greenhouse gas concentrations. 

Climate changes, when they occur as extreme events, pose significant threats to 

ecosystems, economies, and societies, particularly those reliant on water resources for 

agriculture, livestock, and energy production [2-3]. 

Anthropogenic climate change, manifested through alterations in temperature and 

precipitation, is likely to pose a severe risk to human society, the economy, and 

ecosystems. It could lead to agricultural losses, water scarcity, widespread negative 

health impacts, and increased heat-induced mortality [4-5-6-7-8-9]. The effects of 

climate change are expected to be more severe in developing countries, as they depend 

on primary production as a major source of income [6]. 

Climate Systems 

According to the National Centre for Atmospheric Research (NCAR), the climate 

system comprises the oceans, land, and atmosphere, as it integrates physicochemical 

processes within the atmosphere and interacts with the oceans, continents, ice, and 
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snow. It also includes fluxes from radiation, convection, and other processes. This 

system is represented using coupled models (Fig 1). 

Climate models are classified into the following types: Global Circulation Models 

(GCMs), which encompass the entire planet, and Regional Climate Models (RCMs), 

which are confined to a specific climatic region. The information provided by GCMs 

has a resolution of approximately 100 to 200 km grid cells. This data is used to support 

decision-making at an international scale (for instance, in periodic IPCC meetings and 

reports) but is not considered suitable for decision-making for a specific country, let 

alone for a city [10]. These local climate scenarios, as they are called, carry 

considerable uncertainty. 

Accurately simulating atmospheric phenomena plays a crucial role in understanding and 

predicting climate, especially in vulnerable regions such as the central coast of Peru. 

Climate specialists have managed to develop climate simulation models at smaller, local 

grid scales. This area, characterized by a strong ocean-atmosphere interaction, hosts 

highly productive marine ecosystems and communities that depend on stable climatic 

conditions [11]. 

In this context, the Coupled Model Intercomparison Project Phase 5 (CMIP5) has 

become an essential tool for assessing the predictive capability of global climate models 

[12-13]. It has been demonstrated that both the inherent complexity of these models and 

the degree of agreement among their simulations are key elements for estimating the 

reliability of their projections [14]. Climate scenarios have a significant margin of 

uncertainty; however, they are robust enough to be used in planning and policy 

formulation for human activities that need to be projected more than a decade into the 

future, such as forest management, water resource planning, urban development, 

agriculture, and tourism, among others [15]. 
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Despite the progress achieved, significant knowledge gaps persist, particularly 

concerning the ability of models to predict extreme events and seasonal variations with 

high accuracy in specific regions. The need to enhance the understanding of climate 

projections for this area is critical, given its relevance for marine biodiversity and the 

local economy [16-17]. The coupled model intercomparison approach represents a 

robust strategy to address these limitations, as it enables a more rigorous assessment of 

model-associated uncertainty and facilitates the identification of both common patterns 

and significant divergences among simulations [18]. 

This study aimed to assess the complexity and level of agreement among CMIP5 

atmospheric simulations applied to the central Peruvian coast using a coupled model 

intercomparison approach. To this end, an Intermodel Consensus Analysis was applied 

to quantify the degree of concordance among the ensemble projections. An index was 

calculated to identify areas where the models show coherence in the sign of climate 

trends and anomalies, and regions with significant discrepancies—such as differences in 

projected warming or cooling—were mapped. Furthermore, the Intermodel Coefficient 

of Variation was used to locate areas of higher uncertainty, such as winter cloud cover 

over Lima or summer temperature peaks [19-20]. 

The obtained results provided a more detailed perspective on the ability of CMIP5 

models to represent the climate of the Peruvian coastal region, while also offering 

valuable information to improve future projections. The identification of shared patterns 

and areas of divergence advanced the understanding of the current limitations of the 

models and helped to propose new lines of research. This type of analysis is essential 

for designing effective adaptation strategies and mitigating the effects of climate change 

on coastal communities and marine ecosystems [21-22]. 
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In the development of climate projections using Global Circulation Models (GCMs), the 

Coupled Model Intercomparison Project Phase 5 (CMIP5) has been made available. 

These Earth System Models (ESMs) incorporate the interactions of the atmosphere, land, 

and vegetation, in addition to accounting for the carbon cycle and atmospheric chemistry 

[12], unlike previous Phase 3 models. This new generation of models is driven by 

historical air composition forcing—recently defined as "historical forcing"—for current 

climate conditions, and by Representative Concentration Pathways (RCPs) for future 

scenarios [23]. 

In summary, the joint assessment of structural complexity and inter-model coherence in 

CMIP5 simulations constitutes a decisive step towards strengthening regional climate 

modeling capabilities [24]. Therefore, we will study two RCPs—RCP2.6 and RCP8.5 

(representing a range of radiative forcing from lowest to highest by the year 2100)—using 

the following coupled models from the intercomparison project: MIROC-ESM, CSIRO-

Mk3-6-0, CNRM-CM5, GFDL-CM3, IPSL-CM5A-MR, and MPI-ESM-LR. This work 

reaffirms the value of coupled intercomparison models [25] as key tools for reducing 

uncertainty and establishes a solid foundation for future research aimed at enhancing the 

climate resilience of the Peruvian coast. 

2. Data and Study Area 

Climate Model Data 

This study presents an analysis of climate variables—specifically maximum and 

minimum temperatures and precipitation—for the period 2006-2100 in La Molina. It 

evaluates the effect of climatic conditions on the quinoa crop (Chenopodium quinoa 

Willd.) based on the calibration of historical data from the MIROC-ESM, CSIRO-Mk3-

6-0, CNRM-CM5, GFDL-CM3, IPSL-CM5A-MR, and MPI-ESM-LR models, combined 
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with available observed historical data from the SENAMHI La Molina station for the 

period 1975-2005. 

Table 1 CMIP5 models used 

Model Modeling Center (Origin) Spatial resolution 

(Longitude × 

Latitude, degrees) 

Ensemble 

MIROC-ESM Japón (AORI, NIES, 

JAMSTEC) 

2.81° × 1.77° r1i1p1 

CSIRO Mk 3.6 Australia (CSIRO) 1.875° × 1.86° r1i1p1 

CNRM-CM5 Francia (CNRM, Météo-

France) 

1.41° × 1.40° r1i1p1 

GFDL-CM3 EE.UU. (NOAA/GFDL) 2.5° × 2.0° r1i1p1 

IPSL-CM5A-

MR 

Francia (IPSL) 2.5° × 1.27° r1i1p1 

MPI-ESM-LR Alemania (Max Planck 

Institute) 

1.875° × 1.875° r1i1p1 

Note. Compiled using information from the IPCC [33] 

Table 1 shows the models used, along with their respective spatial resolutions and 

ensemble arguments. The study variables and their projections were processed using the 

downscaling method with the MeteoLab software; they were also evaluated using the 

paired Student's t-test and the Mann-Kendall test. 

Study Area 

Peru has a total area of 1,285,215 km² and comprises three distinct geographical regions: 

the coast, which accounts for 11% of the territory, the highlands (sierra) with 29%, and 

This manuscript is a preprint and has not been peer reviewed. The copyright holder has made the manuscript available under a  Creative Commons Attribution 4.0 International
(CC BY) license and consented to have it forwarded to EarthArXiv for public posting.license EarthArXiv

http://creativecommons.org/licenses/by/4.0/
https://eartharxiv.org/


the rainforest (selva) covering 60%. Politically, it is divided into 24 administrative regions 

(Fig 2). 

The agroclimatic trial was conducted at the experimental agricultural plot of the Research 

and Social Outreach Program for Cereals and Native Grains, Faculty of Agronomy, 

National Agrarian University La Molina (UNALM). The site is located on the left margin 

of the Rímac River, in the Ate Bajo valley, La Molina district, Lima province, Lima region 

(Fig 3). Its geographical coordinates are Latitude: 12°05'06" S, Longitude: 76°57'06" W, 

at an altitude of 251 meters above sea level (m a.s.l.), corresponding to the Subtropical 

Desert formation, typical of the central Peruvian coast. 

Indicates the location of the experimental plot, which is situated opposite the Botanical 

Garden. It should be noted that the average summer temperatures in La Molina range 

from 17°C to 31°C, while average winter temperatures fall within a range of 7°C to 23°C 

[26]. 

3. Methods 

Delta method – linear scaling (LS) 

In this study, the methods of correction as DELTA methods-linear scaling were used for 

precipitation and temperatures. This bias correction method was performed on a daily 

scale from 1975 to 2005. 

The linear scaling approach operates under the assumption that forecast values and 

observations will agree in their monthly mean once a scale or shift factor has been applied 

[27]. LS is the simplest possible post-processing method as it only corrects for biases in 

the mean. The factor is commonly computed differently for precipitation, ET0 and 

temperature due to the different nature of the variables, as precipitation and ET0 cannot be 

negative. 

For precipitation and 𝐸𝑇𝑂, 
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𝑓𝑘,𝑖
∗ =

∑ 𝑦𝑖𝑁−1
𝑗=1

∑ 𝑓𝑖𝑁−1
𝑗=1

𝑓𝑘,𝑖             for i ≠ j,        (1) 

 

For temperature  

𝑓𝑘,𝑖
∗ = 𝑓𝑘,𝑖 −

1

𝑁
[∑ 𝑓𝑗 − ∑ 𝑦𝑗𝑁−1

𝑗=1
𝑁−1
𝐽=1 ]    for i ≠ j,        (2) 

 

where fk,i denotes ensemble member k for k = 1, . . . , M of forecast–observation pair i = 

1, . . . , N; N is the number of forecasts–observation pairs; f j denotes the ensemble mean; 

and yj denotes the verifying observation. Now, both the means of f j and yj are computed 

with the sample that withdraws forecast and observation pair i. Finally, f ∗ k,i represents 

the corrected ensemble member. Note that for precipitation, before applying the 

correction factor, we set all values of daily precipitation below a specific threshold to zero 

to remove the “drizzle effect” [28]. The threshold was chosen so that the number of dry 

days on a given forecast month matches the number of observed dry days. 

Linear scaling (LS) of precipitation and temperature 

The linear-scaling approach [29-30] operates with monthly correction values based on the 

differences between observed and present-day simulated values. By definition, corrected 

RCM simulations will perfectly agree in their monthly mean values with the observations. 

Precipitation is corrected with a factor based on the ratio of long-term monthly mean 

observed and control run data: 

The Delta Change approach is based on the transfer of the average monthly change 

signal between the GCM control and the GCM scenario period at an observed time 

series: 
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𝑇𝑑,𝑚
𝑠𝑐𝑒𝑛 = 𝑇𝑑,𝑚

𝑜𝑏𝑠 + (𝑇𝑚
𝐺𝐶𝑀𝑠𝑐𝑒𝑛 − 𝑇𝑚

𝐺𝐶𝑀𝑐𝑜𝑛)       (3) 

𝑃𝑑,𝑚
𝑠𝑐𝑒𝑛 = 𝑃𝑑,𝑚

𝑜𝑏𝑠 + (𝑃𝑚
𝐺𝐶𝑀𝑠𝑐𝑒𝑛/𝑃𝑚

𝐺𝐶𝑀𝑐𝑜𝑛)    (4) 

 

where 𝑇𝑑,𝑚
𝑜𝑏𝑠 y 𝑃𝑑,𝑚

𝑜𝑏𝑠  daily temperature and precipitation are observed, 𝑇𝑚
𝐺𝐶𝑀𝑐𝑜𝑛 y 

𝑃𝑚
𝐺𝐶𝑀𝑐𝑜𝑛 are average monthly temperature of GCM and precipitation of the control 

period, and 𝑇𝑚
𝐺𝐶𝑀𝑠𝑐𝑒𝑛 y 𝑃𝑚

𝐺𝐶𝑀𝑐𝑜𝑛 are average monthly temperature of MCG and 

precipitation of the scenario period  

Temperature is corrected with help of an additive term based on the difference of long-

term monthly mean observed and control run data: The applied correction factors and 

addends are assumed to remain unvaried even for future conditions [31]. 

It should be emphasized that the climate change signals between the GCM baseline and 

the scenario period were derived from monthly mean values. This specific approach was 

chosen to avoid considerable variability in the daily change signals that would have 

resulted from using daily change factors. 

Global climate models (CMIP5) 

Projections for future climate change (RCP2.6 and RCP8.5) 

This study will use two emission scenarios, or Representative Concentration Pathways 

(RCPs)—RCP2.6 (a mild scenario) and RCP8.5 (a severe scenario)—to assess 

greenhouse gas (GHG) emissions. The evaluation will be conducted using six coupled 

models from the Coupled Model Intercomparison Project Phase 5 (CMIP5): MIROC-

ESM, CSIRO-Mk3-6-0, CNRM-CM5, GFDL-CM3, IPSL-CM5A-MR, and MPI-ESM-

LR. These models will inform the agroclimatic trials for the quinoa crop (Chenopodium 

quinoa Willd.) conducted at the La Molina agricultural station. 
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An RCP is a representative pathway of CO₂ levels, each characteristic of a specific 

radiative forcing (RF). This forcing is caused by radiative agents and GHGs, excluding 

the direct effects of albedo. The term "pathway" indicates that not only the long-term 

CO₂ levels are of interest, but also the trajectory taken over time to reach that outcome 

[23]. These scenarios operate under a stable climate state, which requires an energy 

balance between incoming and outgoing terrestrial fluxes. According to the global 

energy balance, there is an excess of approximately 1 W/m² [32], which sustains 

temperatures that make life on Earth possible. However, a larger excess would result in 

increased climate warming. 

The Fifth Assessment Report [33] considers four scenarios or Representative 

Concentration Pathways, developed using integrated assessment models as the basis for 

climate predictions and their respective projections. The Representative Concentration 

Pathways (RCPs) considered are: 

• RCP2.6: A low radiative forcing pathway, peaking at approximately +2.6 W/m² 

before 2100, with emissions declining after 2020 and a projected warming peak 

of ~+1.5–2°C. 

• RCP8.5: A high radiative forcing pathway, reaching values >8.5 W/m² by 2100, 

which continue to rise over time due to high emissions from intensive fossil fuel 

use, leading to a projected warming of ~+4–5°C by 2100. 

Data Selection and Preparation 

The precipitation (mm) and minimum and maximum temperature (°C) data used in this 

study were obtained from the Von Humboldt meteorological station, located at 

12°00'05'' S latitude and 76°57'00'' W longitude, at an altitude of 243.7 meters above sea 

level (m a.s.l.), according to information from the Peruvian National Meteorology and 

Hydrology Service [34]. Furthermore, coupled models from the Coupled Model 
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Intercomparison Project Phase 5 (CMIP5) were employed, specifically: MIROC-ESM, 

CSIRO-Mk3-6-0, CNRM-CM5, GFDL-CM3, IPSL-CM5A-MR, and MPI-ESM-LR. 

These models are part of the suite of climate simulations developed by the World 

Climate Research Programme [11]. The models were selected for their ability to 

adequately represent the climatic conditions of the central Peruvian coast, particularly 

the La Molina area, which is characterized by a hot, arid subtropical desert climate [35]. 

A 30-year historical period (1975–2005) was considered as the climatic baseline, along 

with the period 2006–2100 for future projections. Additionally, it was verified that all 

selected models had an appropriate spatial resolution to capture local climatic 

particularities. 

4. Discussion 

Analysis of Climate Projections - Precipitation 1975-2005 vs 

2006-2100 

The behavior of the accumulated annual historical values (reference baseline) for the 

period 1975-2005, compared to that observed under the RCP2.6 (low emissions) and 

RCP8.5 (high emissions) scenarios for the six models in the assessed periods—2006-

2035 (near future), 2036-2065 (mid-century), and 2066-2100 (far future)—is shown in 

Tables 1 and 3, respectively.. 

Table 2: Historical cumulative annual precipitation data for the period 1975-2005 and 

projected data from global climate models (RCP2.6) for the period 2006-2100. 

 

RCP2.6 

Periods 

Pr 

Histórica 

CNRM-

CM5 

CSIRO-Mk 

3.6 

GFDL-

CM3 

IPSL-CM5A-

MR 

MIROC-

ESM 

MPI-

ESM-LR 

1975-2005 422.98 - - - - - - 
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2006-2035 - 377.03 357.96 349.89 2340.13 374.14 372.54 

2036-2065 - 393.33 350.40 348.40 1875.10 396.78 384.42 

2066 -2100 - 458.68 402.85 416.20 2733.00 440.00 457.46 

In Table 2, it can be observed that the IPSL-CM5A-MR model shows extremely high 

values (∼5-6 times higher than other models), suggesting a known overestimation by 

this model in coastal regions. In contrast, there is a degree of consistency among the 

other models, as most project a slight decrease in the near future (2006-2035) and an 

increase towards the end of the century (2066-2100), yet always remaining close to the 

historical value (422.98 mm). Under the RCP2.6 scenario, precipitation remains 

relatively stable, with potential moderate increases by 2100. 

The graphic (Fig 4) presents the results for the RCP8.5 scenario, illustrating the 

behavior of the historical cumulative precipitation (1975-2005) versus the projections 

from the global climate models for the period 2006-2100. 

Table 3 of the statistical tests for the historical data (1975-2005) shows that a high t-

statistic (21.2) and a p-value ≈ 0 confirm that the mean is significantly different from 

zero. The Signal-to-Noise Ratio (SNR) is 0.20, indicating a weak signal relative to the 

noise, which is typical in arid climates like Lima's. Furthermore, a Hurst exponent (H) ≈ 

0 denotes a highly anti-persistent series, characterized by abrupt changes between 

consecutive years. 

Table 3. Paired Student's t-test for the cumulative historical annual precipitation values 

for the period 1975-2005 and the observed values from the RCP2.6 global climate 

models for the period 2006-2100. 

Model 

Pearson's 

R 

t-statistic 

P(T<=t) a 

queue 

Coefficien

t of 

Variation 

Signal-

to-Noise 

Hurst 

expone

nt 
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1975 -2005 0.1044 21.2147 0.000e+00 5.0141 0.1994 0.0017 

CNRM-CM5 0.4990 36.5654 

2.944e-

287 

5.0942 0.1963 0.0220 

CSIRO Mk 3.6 0.4060 42.3332 0.000e+00 4.4001 0.2273 0.0440 

GFDL-CM3 0.6360 36.3346 

9.793e-

284 

5.1266 0.1951 0.0480 

IPSL-CM5A-

MR 

0.6470 243.4333 0.000e+00 0.7652 1.3069 0.0470 

MIROC-ESM 0.0560 36.6064 

6.930e-

288 

5.0885 0.1965 0.0080 

MPI-ESM-LR 0.2610 36.6668 

9.805e-

289 

5.0808 0.1968 0.0090 

The evaluated climate model IPSL-CM5A-MR (an outlier) shows a Pearson's R 

correlation coefficient of 0.647, which is the highest correlation with the historical 

record among all models. Its enormous t-statistic of 243.4 confirms its anomalous 

precipitation values (∼5-6 times higher). An SNR of 1.31 indicates a strong signal 

dominant over the noise, which is unusual for precipitation data. Furthermore, a Hurst 

exponent (H) of 0.047 suggests a strongly anti-persistent series with a pronounced 

mean-reverting behavior, similar to the historical series. 

For the GFDL-CM3 and CNRM-CM5 models (considered consistent models), the 

analysis shows a Pearson's R correlation coefficient of approximately 0.5-0.6, indicating 

a moderate to high correlation with the historical record. The t-statistic, with values 

around 36-37, confirms that the means are significantly different from zero, though not 

to an extreme degree. The Signal-to-Noise Ratio (SNR) of approximately 0.19-0.20 

reflects a weak signal, which is consistent with the historical data. Finally, a Hurst 
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exponent (H) of about 0.02-0.05 suggests a short-term memory process (anti-persistent), 

a characteristic similar to the historical series. 

Finally, for the CSIRO-Mk3-6-0, MIROC-ESM, and MPI-ESM-LR models (considered 

conservative models), the Pearson's R correlation coefficient ranges from approximately 

0.06 to 0.41, indicating a low to moderate correlation with the historical record. The t-

statistic, with values between approximately 36 and 43, confirms a statistically 

significant difference from the historical mean. The Signal-to-Noise Ratio (SNR) of 

approximately 0.20-0.23 reflects a weak signal, consistent with the historical data. A 

Hurst exponent (H) ranging from 0.008 to 0.044 denotes a strongly anti-persistent, 

mean-reverting series. 

Table 4. Historical cumulative annual precipitation data for the period 1975-2005 and 

projected data from global climate models (RCP8.5) for the period 2006-2100. 

 

RCP8.5 

Periods 

Historical 

baseline 

CNRM-

CM5 

CSIRO 

Mk 3.6 

GFDL-

CM3 

IPSL-

CM5A-MR 

MIROC-

ESM 

MPI-

ESM-

LR 

1975-2005 422.98 - - - - - - 

2006-2035 - 355.75 356.76 144.07 1314.22 384.42 385.48 

2036-2065 - 373.56 365.30 276.57 2308.15 378.42 387.79 

2066 -

2100 - 473.71 380.75 399.92 1591.71 441.23 431.04 

Table 4 presents the projections for the RCP8.5 scenario (characterized by high 

radiative forcing and unmitigated emissions). The comparison begins with the historical 

baseline (422.98 mm), revealing that all models project significant changes in 

precipitation under RCP8.5. The IPSL-CM5A-MR model again shows extremely high 
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values (an outlier), consistent with its behavior under the RCP2.6 scenario. 

Furthermore, the GFDL-CM3 model projects a drastic reduction in the near future 

(2006-2035: 144.06 mm, representing a -66% change versus the historical baseline). 

The trends for the global climate models for the period 2006-2035 (Near Future) show 

moderate reductions for CNRM-CM5 (-16%), CSIRO-Mk3-6-0 (-16%), MIROC-ESM 

(-9%), and MPI-ESM-LR (-9%). In contrast, an extreme reduction is projected by 

GFDL-CM3 (-66%), while IPSL-CM5A-MR projects an extreme increase (+211%). 

For the 2036-2065 period (Mid-Century), a partial recovery is observed. GFDL-CM3 

shows an increase (276.57 mm) but remains below the historical baseline (-35%). IPSL-

CM5A-MR reaches its peak value (2308.15 mm, +446%). The other models remain 

stable or show slight reductions. 

Finally, for the 2066-2100 period (Long-Term Future), the greatest variability is seen in 

GFDL-CM3, which recovers to nearly historical levels (399.92 mm, -5%). IPSL-

CM5A-MR decreases but remains very high (1591.71 mm, +276%). Moderate increases 

are projected for CNRM-CM5 (+12%), MIROC-ESM (+4%), and MPI-ESM-LR 

(+2%), while CSIRO-Mk3-6-0 remains stable (-10%). 

The graphic (Fig 5) presents the results for the RCP8.5 scenario, illustrating the 

behavior of the historical cumulative precipitation (1975-2005) versus the projections 

from the global climate models for the period 2006-2100. 

Table 5 of the global climate models under the RCP8.5 scenario aids in interpreting the 

statistical results. It demonstrates that all models, except for the GFDL-CM3, maintain a 

Hurst exponent (H) close to zero. This confirms that precipitation in Lima follows a 

mean-reverting pattern, where dry and wet years tend to alternate. In contrast, the 

GFDL-CM3 model shows an H value of 0.37, the highest among all models, suggesting 

a degree of persistence and a potential overestimation of prolonged drought conditions. 
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Tabla 5. Prueba T de Student pareada para los valores de precipitación anual histórica 

acumulada para el periodo del 1975-2005 y las proyectadas de los modelos climáticos 

globales RCP8.5 para el periodo 2006-2100. 

Model 

Pearson's 

R 

Statistic-

t 

P(T<=t) a 

queue 

Coefficien

t of 

Variation 

Signal-

to-Noise 

Hurst 

expone

nt 

1975 -2005 0.1044 21.2147 0.000e+00 5.0141 0.1994 0.0017 

CNRM-CM5 0.5020 36.7681 

2.287e-

290 

5.0661 0.1974 0.0200 

CSIRO Mk 3.6 0.4140 42.1042 0.000e+00 4.4241 0.226 0.0410 

GFDL-CM3 0.9960 46.5798 0.000e+00 3.999 0.2501 0.3700 

IPSL-CM5A-

MR 

0.5020 215.0703 0.000e+00 0.8661 1.1546 0.0130 

MIROC-ESM 0.0430 36.7473 

4.772e-

290 

5.069 0.1973 0.0040 

MPI-ESM-LR 0.2520 36.8021 

6.849e-

291 

5.0614 0.1976 0.0130 

Regarding the Signal-to-Noise Ratio (SNR), the IPSL-CM5A-MR model again stands 

out with a value of 1.15, indicating a strong signal dominant over the noise, which is 

consistent with its extreme projected rainfall values. The other models maintain an SNR 

of approximately 0.20, similar to the historical value (0.19), reflecting high interannual 

uncertainty. 

The IPSL-CM5A-MR model has the lowest coefficient of variation (CV) at 0.87%, 

confirming low variability, which corresponds to its projection of constantly high 

rainfall. The GFDL-CM3 model projects greater stability (CV = 4.0% vs. a historical 
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value of 5.01%), a characteristic possibly resulting from a reduction in extreme 

precipitation events. All p-values are approximately zero (p ≈ 0), indicating that the 

differences between the historical mean and the future projections are statistically 

significant. Concerning the correlation with the historical record (Pearson's R), the 

GFDL-CM3 model shows the highest value (0.996), suggesting its projections closely 

follow historical patterns despite the overall reduction in mean precipitation. In contrast, 

the MIROC-ESM model has the lowest correlation (0.043), indicating major deviations 

from the observed historical behavior. 

Among all models evaluated under both the RCP2.6 and RCP8.5 scenarios, the IPSL-

CM5A-MR model projects substantially greater precipitation increases than the others. 

This behavior is potentially associated with its high climate sensitivity and the 

representation of convective processes. Although these values could be interpreted as 

extreme outliers, they remain useful for assessing high-risk scenarios.  

Time Series Analysis of Precipitation: Historical Baseline 

(1975–2005) and Future Projections (2006–2100) 

The graphics (Fig 6A, 6B, and 6C), corresponding to the CNRM, CSIRO, and GFDL 

models, show that annual precipitation in La Molina exhibits a clear divergence 

depending on the emission scenario. Under RCP2.6, which represents ambitious 

mitigation, the models project a generally stable trend or slight variations, suggesting a 

degree of hydrological cycle stabilization. In contrast, under the high-emissions RCP8.5 

scenario, all three models concur in projecting a significant increase in accumulated 

precipitation, indicating an intensification of the rainfall regime for La Molina. This 

divergence underscores the profound influence of emission trajectories on the future 

climate, highlighting how mitigation actions are crucial to avert more extreme changes 

in precipitation patterns. 
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Table 6. Non-parametric test (Sen-Mann-Kendall slope test) for precipitation values 

obtained using the DELTA correction method in the CNRM, CSIRO, and GFDL 

models, for the period 2006-2100. 

Model  S  Z Sen´s Slope Significance Trend 

CNRM RCP2.6 270929 0.126 0 insignificant No significant trend at 95% 

CNRM RCP8.5 1551834 0.720 0 insignificant No significant trend at 95% 

CSIRO RCP2.6 -2057071 -0.955 0 insignificant No significant trend at 95% 

CSIRO RCP8.5 -2560256 -1.188 0 insignificant No significant trend at 95% 

GFDL RCP2.6 -266291 -0.124 0 insignificant No significant trend at 95% 

GFDL RCP8.5 17062862 7.920 0 significant Positive trend at 95% 

 

The Mann-Kendall test results presented in Table 6 indicate that precipitation 

projections for quinoa cultivation in La Molina are predominantly stable, suggesting no 

drastic changes in irrigation water availability are expected under most scenarios. 

However, the significant positive trend projected by the GFDL model under RCP8.5 

signals potential extreme rainfall events. This could increase the risk of flooding, 

waterlogging, and fungal diseases in the crop, ultimately affecting its yield and quality. 

This divergence underscores the need to implement flexible adaptation strategies—such 

as improved drainage systems and the selection of quinoa varieties resistant to both dry 

and humid conditions—to ensure crop sustainability in the face of climate uncertainty. 

The climate projections for precipitation shown (Fig 7A, 7B and 7C) for the IPSL, 

MIROC, and MPI models reveal a clear divergence between emission scenarios. Under 

RCP2.6, the models project generally stable trends or moderate fluctuations, indicating 

a relative stability in La Molina's precipitation regime if mitigation measures are 

applied. 
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In contrast, the high-emissions RCP8.5 scenario shows a more extreme and variable 

response: the IPSL model suggests a pronounced increase, MIROC projects a markedly 

ascending trend, and MPI indicates a slight positive or stable trend. This inter-model 

discrepancy under RCP8.5 highlights the uncertainties in precipitation projections, yet it 

converges in indicating more drastic and potentially disruptive changes to the 

hydrological cycle in the absence of mitigation. 

Table 7: Non-parametric test (Sen-Mann-Kendall slope test) for precipitation values 

obtained using the DELTA correction method in the IPSL, MIROC, and MPI models, 

for the period 2006-2100. 

Model S Z Sen´s Slope Significance Trend 

IPSL RCP2.6 7123892 3.307 0 significant Positive trend at 95% 

IPSL RCP8.5 -8620281 -4.001 0 significant Positive trend at 95% 

MIROC RCP2.6 -450039 -0.209 0 insignificant No significant trend at 95% 

MIROC RCP8.5 1711984 0.795 0 insignificant No significant trend at 95% 

MPI RCP2.6 -831221 -0.386 0 insignificant No significant trend at 95% 

MPI RCP8.5 -179535 -0.083 0 insignificant No significant trend at 95% 

The Mann-Kendall test results for the IPSL, MIROC, and MPI models, presented in 

Table 7, reveal that only the IPSL model projects significant trends in precipitation, 

showing an increase under RCP2.6 and a critical decrease under RCP8.5. This 

pronounced decline under the high-emissions scenario (RCP8.5) would suggest 

increased water stress for quinoa cultivation in La Molina, potentially reducing water 

availability during key growth stages. In contrast, the MIROC and MPI models show no 

significant trends, indicating that, according to these models, the rainfall regime would 

remain stable without drastic changes. 

This discrepancy underscores a high degree of uncertainty in the projections. However, 

the negative signal from IPSL—the most extreme model—serves as a warning: should 
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emissions follow the RCP8.5 trajectory, quinoa could face severe drought-related 

challenges, necessitating adaptation strategies such as supplemental irrigation or the 

selection of resistant varieties. 

Analysis of Climate Projections - Minimum Temperature 

1975-2005 vs 2006-2100 

The behavior of the historical baseline minimum temperatures (1975-2005) compared to 

the projections under the RCP2.6 (low emissions) and RCP8.5 (high emissions) 

scenarios is presented in Tables 8 and 10, respectively. The data from six models are 

shown for the evaluated periods: 2006-2035 (near future), 2036-2065 (mid-century), 

and 2066-2100 (long-term future). 

Table 8. Average historical minimum temperature for the period 1975-2005 and 

observed data from global climate models RCP2.6 for the period 2006-2100. 

 

RCP2.6 

Periods 

Historical 

Baseline 

CNRM-

CM5 

CSIRO-Mk 

3.6 

GFDL-

CM3 

IPSL-CM5A-

MR 

MIROC-

ESM 

MPI-

ESM-LR 

1975-2005 16.09 - - - - - - 

2006-2035 - 16.71 17.12 17.03 16.79 16.78 17.08 

2036-2065 - 17.15 17.86 16.98 17.18 17.58 17.51 

2066 -2100 - 17.15 18.14 17.10 17.10 17.79 17.24 

In the table 8 the historical minimum temperature (16.09°C) in La Molina (central 

coast) is projected to increase by approximately +1.4°C by the period 2066-2100 (multi-

model mean: 17.49°C). Projections indicate a consistent rise until 2065, after which 

temperatures stabilize or exhibit minimal growth; for instance, the CNRM-CM5 model 

shows no change between the 2036-2065 and 2066-2100 periods. While the models 

show a range of 17.10°C to 18.14°C, all indicate a clear warming trend. The CSIRO-
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Mk3-6-0 model projects the greatest sensitivity, with an increase of +2.05°C relative to 

the historical baseline. 

The graphic presents (Fig 8) the results for the RCP2.6 scenario, illustrating the 

behavior of the average historical minimum temperature (1975-2005) in comparison to 

the projections from the global climate models for the period 2006-2100. 

The implications of this scenario include a reduction in nocturnal frost events and a 

potential decrease in extreme cold events. However, the potential impact on cold-

sensitive crops cultivated in the central coast must be considered, with the notable 

exception of quinoa (Chenopodium quinoa Willd.). An improvement in nocturnal 

thermal comfort is also projected. 

Table 9. Paired Student's t-test for historical average annual minimum temperature values 

for the period 1975-2005 and projected values from the RCP2.6 global climate models 

for the period 2006-2100. 

Models 

Pearson's 

R 

Statistic-t 

P(T<=t) a 

queue 

Coefficient 

of Variation 

Signal-to-

Noise 

Hurst 

exponent 

Historical Baseline 0.9210 632.6308 0.000e+00 0.1682 5.9455 0.2330 

CNRM-CM5 0.9270 1109.3002 0.000e+00 0.1679 5.9553 0.2540 

CSIRO Mk 3.6 0.9220 1159.1228 0.000e+00 0.1607 6.2228 0.2680 

GFDL-CM3 0.9510 872.1064 0.000e+00 0.2136 4.6819 0.3450 

IPSL-CM5A-MR 0.9240 1137.2999 0.000e+00 0.1638 6.1056 0.2390 

MIROC-ESM 0.9200 1193.2386 0.000e+00 0.1561 6.4059 0.2390 

MPI-ESM-LR 0.9220 1160.6077 0.000e+00 0.1605 6.2307 0.2540 

In table 9, 1975-2005 reference period serves as a benchmark for comparison with 

climate models under a low-emission scenario. The analysis indicates that most models 

project a decrease in variability (lower Coefficient of Variation) and an increase in the 

Signal-to-Noise Ratio (SNR) compared to the historical period. This suggests the 

potential for more stable and well-defined climatic projections. The Hurst exponent, 
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which quantifies long-term persistence, increases across all models, particularly in 

GFDL-CM3. This indicates a more pronounced trend and a greater influence of external 

forcings on the future climate system. The very high correlation (Pearson's R) and 

statistical significance (p ≈ 0) in all cases confirm the robustness of the trends projected 

by the models. 

Table 10. Average historical minimum temperature for the period 1975-2005 and 

projected temperatures from global climate models (RCP8.5) for the period 2006-2100 

 

RCP8.5 

Periods 

Historical 

Baseline 

CNRM-

CM5 

CSIRO-

Mk 3.6 

GFDL-

CM3 

IPSL-

CM5A-MR 

MIROC-

ESM 

MPI-

ESM-

LR 

1975-2005 16.09 - - - - - - 

2006-2035 - 16.78 17.21 16.79 17.06 16.92 17.31 

2036-2065 - 17.83 18.85 17.97 18.43 18.37 18.82 

2066 -

2100 - 19.45 21.19 19.42 20.56 20.39 20.86 

Table 10 reveals a dramatic increase in the average minimum temperature, rising from a 

historical value of 16.09°C to a multi-model mean of 20.32°C for the period 2066-2100, 

representing an increase of +4.14°C. This accelerated growth indicates a non-linear 

warming pattern. The temperature rise between the 2036-2065 and 2066-2100 periods is 

+1.77°C, suggesting a significant acceleration of climate change impacts in the latter 

half of the century. 

Considerable inter-model variability is evident. The GFDL-CM3 model projects the 

most conservative warming (+3.33°C), while the CSIRO-Mk3-6-0 model projects the 

most extreme increase (+5.10°C). The most sensitive models—CSIRO-Mk3-6-0, IPSL-
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CM5A-MR, and MPI-ESM-LR—all project minimum temperatures exceeding 20°C by 

the end of the 21st century. 

The results for the RCP8.5 scenario (Fig 9), compare the average historical minimum 

temperature from 1975-2005 with the projections of global climate models for 2006-

2100.  

The critical implications of these projections include the virtual elimination of cool 

nights in cities like La Molina, which currently experiences a temperate coastal climate. 

Nights with minimum temperatures exceeding 20°C will become the norm, effectively 

removing the period of nocturnal thermal relief. This warming is projected to disrupt the 

biological cycles of native flora and fauna. Furthermore, for urban and peri-urban 

agriculture, there is a significant risk of crop loss for species that require cold periods 

for flowering and vernalization, such as certain fruits and vegetables cultivated in the 

central coast. 

Table 11. Paired Student's t-test for historical average annual minimum temperature 

values for the period 1975-2005 and projected values from global climate models 

(RCP8.5) for the period 2006-2100. 

Models 

Pearson's 

R 

Statistic-t 

P(T<=t) a 

queue 

Coefficient 

of Variation 

Signal-

to-Noise 

Hurst 

exponent 

Historical Baseline 0.9210 632.6308 0.000e+00 0.1682 5.9455 0.2330 

CNRM-CM5 0.9390 1079.2975 0.000e+00 0.1726 5.7942 0.256 

CSIRO Mk 3.6 0.9420 1084.8489 0.000e+00 0.1717 5.824 0.257 

GFDL-CM3 0.9530 905.429 0.000e+00 0.2057 4.8608 0.342 

IPSL-CM5A-MR 0.9430 1079.8644 0.000e+00 0.1725 5.7973 0.243 

MIROC-ESM 0.9370 1133.8597 0.000e+00 0.1643 6.0871 0.229 

MPI-ESM-LR 0.9390 1134.0341 0.000e+00 0.1643 6.0881 0.244 

Under the high-emissions RCP8.5 scenario presented in Table 11, the contrast with the 

1975-2005 historical baseline is more pronounced. The models generally show a 
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slightly higher Pearson correlation coefficient (r) compared to the results in Table 7, 

indicating a stronger, more linear relationship with radiative forcing. Although the 

variability, as measured by the Coefficient of Variation, is greater than under the low-

emissions RCP2.6 scenario, the Signal-to-Noise ratio remains high. This implies that the 

warming signal is extremely strong and clear against the backdrop of natural variability. 

The Hurst Exponent remains elevated, confirming a strong persistence in the warming 

trend, with the GFDL-CM3 model again exhibiting the highest value, which suggests 

potentially more irreversible and long-term climate changes. 

Time Series Analysis Minimum Temperature: Historical 

Baseline (1975–2005) and Future Projections (2006–2100) 

The projections in (Fig 10A, 10B, and 10C) from the CNRM, CSIRO, and GFDL 

models indicate a consistent increase in annual minimum temperature under both 

scenarios, with a more pronounced rise under RCP8.5. By 2100, RCP2.6 shows a 

stabilization of temperatures after mid-century, reflecting the effects of mitigation, 

whereas RCP8.5 exhibits an accelerated and relentless warming trajectory. This 

sustained warming, particularly in minimum temperatures, suggests warmer winters and 

a reduced frequency of frost events, which could disrupt crucial vernalization periods 

for some crops. However, it also entails risks such as the proliferation of pests and 

increased thermal stress on plants. The critical divergence between scenarios 

underscores the urgency of mitigation to avoid the most severe impacts on agriculture. 

Table 12. Non-parametric test (Sen-Mann-Kendall slope test) for minimum temperature 

values obtained using the DELTA correction method in the CNRM, CSIRO, and GFDL 

models, for the period 2006-2100. 

Model  S Z Sen´s Slope Significance  Trend 

CNRM RCP2.6 29558439 13.719 8.93714E-06 significant Positive trend at 95% 
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CNRM RCP8.5 157736161 73.213 0.000111317 significant Positive trend at 95% 

CSIRO RCP2.6 65953870 30.612 2.63959E-05 significant Positive trend at 95% 

CSIRO RCP8.5 230286222 106.887 0.000183539 significant Positive trend at 95% 

GFDL RCP2.6 8053662 3.738 -5.36557E-06 significant Positive trend at 95% 

GFDL RCP8.5 110901878 51.475 0.000102636 significant Positive trend at 95% 

The global CSIRO and GFDL models presented in Table 12 indicate a consistent and 

statistically significant warming trend across all scenarios (RCP2.6 and RCP8.5) for the 

2006-2100 period. This increase in minimum temperatures, which is particularly more 

accelerated under the high-emissions scenario (RCP8.5), suggests warmer winters and a 

reduction of frost events in La Molina. For quinoa cultivation, this could shorten the 

period of vernalization (the cooling required for flowering), alter its phenological cycle, 

and increase the risk of thermal stress during warm nights, potentially affecting grain 

yield and quality. However, it would also reduce the risk of frost damage, allowing for a 

more flexible planting window. Adaptation would require selecting heat-tolerant quinoa 

varieties and adjusting planting dates to optimize crop development in a warmer 

climate. 

The graphics (Fig 11A, 11B and 11C) for the IPSL, MIROC, and MPI models project 

an unequivocal and accelerated increase in the annual minimum temperature under both 

scenarios, with warming being dramatically more intense under RCP8.5. By the end of 

the century, RCP2.6 shows a stabilization of temperatures, whereas RCP8.5, across all 

models, presents a relentless upward trajectory that does not plateau. This sustained 

warming of night-time temperatures suggests the virtual disappearance of frost events in 

the region, which would profoundly alter the cold requirements (vernalization) of crops 

such as quinoa. While the risk of frost is reduced, this introduces greater nocturnal 

thermal stress and a potential increase in the evapotranspiration rate. The critical 
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divergence between scenarios emphasizes that mitigation is crucial to avoid severe 

impacts on crop physiology and traditional agricultural cycles. 

Table 13. Non-parametric test (Sen-Mann-Kendall slope test) for minimum temperature 

values obtained using the DELTA correction in the IPSL, MIROC, and MPI models, for 

the period 2006-2100. 

Model S  Z Sen´s Slope Significance Trend 

IPSL RCP2.6 22107641 10.261 3.79848E-06 significant Positive trend at 95% 

IPSL RCP8.5 195621129 90.797 0.000150932 significant Positive trend at 95% 

MIROC RCP2.6 63746118 29.588 3.05972E-05 significant Positive trend at 95% 

MIROC RCP8.5 207198221 96.170 0.000158246 significant Positive trend at 95% 

MPI RCP2.6 6296781 2.923 -1.48923E-05 significant Positive trend at 95% 

MPI RCP8.5 206932153 96.047 0.000154378 significant Positive trend at 95% 

The Mann-Kendall test results in Table 13 confirm a significant and consistent warming 

trend in the minimum temperature for all models (IPSL, MIROC, MPI) and scenarios 

(RCP2.6 and RCP8.5) in La Molina. This increase, which is especially drastic under 

RCP8.5, implies warmer nights and the virtual elimination of frost events, thereby 

altering the crucial vernalization cycle for quinoa, a crop that requires cold for adequate 

flowering. While the risk of frost damage is reduced, persistent nocturnal heat can 

accelerate phenological development, reduce productivity, and increase water stress due 

to higher evapotranspiration. To adapt, it will be essential to select heat-tolerant quinoa 

varieties and adjust planting dates to avoid critical periods of thermal stress, ensuring 

the sustainability of the crop in a warmer climate. 

Analysis of Climate Projections - Maximum temperature 

1975-2005 vs 2006-2100 

The behavior of the historical maximum temperature values (reference baseline, 1975-

2005) compared to those observed under the RCP2.6 (low emissions) and RCP8.5 (high 
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emissions) scenarios for the six models—across the assessed periods of 2006-2035 

(near future), 2036-2065 (mid-century), and 2066-2100 (far future)—is presented in 

Tables 14 and 16, respectively. 

Table 14. Average historical maximum temperature for the period 1975-2005 and 

observed data from global climate models (RCP2.6) for the period 2006-2100. 

 

RCP2.6 

Periods 

Historical 

Baseline 

CNRM-

CM5 

CSIRO-Mk 

3.6 

GFDL-

CM3 

IPSL-CM5A-

MR 

MIROC-

ESM 

MPI-

ESM-LR 

1975-2005 23.29 - - - - - - 

2006-2035 - 23.80 24.10 24.40 24.50 24.10 22.80 

2036-2065 - 24.10 25.10 24.60 24.70 25.20 23.20 

2066 -2100 - 24.00 25.30 24.40 24.60 25.50 23.00 

Table 14 shows that the historical maximum temperature (23.29°C) in La Molina 

increases by approximately +1.2°C by the period 2066-2100 (multi-model mean: 

24.47°C). Projections indicate a steady rise until 2065, followed by a stabilization or 

even a slight decrease (for instance, GFDL-CM3 and MPI-ESM-LR project a reduction 

in the final period). The models show a range of 23.00°C to 25.50°C, yet all indicate a 

clear increase relative to the historical baseline. The MIROC-ESM model is the most 

sensitive, projecting an increase of +2.21°C above the historical value. 

The results for the RCP2.6 scenario (Fig 12), compare the average historical maximum 

temperature from 1975-2005 with the projections of global climate models for 2006-

2100. 

The implications of this low-emissions scenario include moderate warming that would 

likely alter crop development slightly and necessitate adjustments in water management, 

but without extreme changes in maximum temperatures. 
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Table 15. Paired Student's t-test for historical average annual maximum temperature 

values for the period 1975-2005 and projected values from the RCP2.6 global climate 

models for the period 2006-2100. 

Models 

Pearson's 

R 

Statistic-t 

P(T<=t) a 

queue 

Coefficient 

of Variation 

Signal-to-

Noise 

Hurst 

exponent 

Historical Baseline 0.9000 631.0209 0.000e+00 0.1686 5.9301 0.2110 

CNRM-CM5 0.8939 1046.9823 0.000e+00 0.1779 5.6207 0.1360 

CSIRO Mk 3.6 0.9210 1030.3005 0.000e+00 0.1808 5.5312 0.2600 

GFDL-CM3 0.9160 1044.2679 0.000e+00 0.1784 5.6062 0.2660 

IPSL-CM5A-MR 0.9080 1108.860 0.000e+00 0.1680 5.9529 0.2270 

MIROC-ESM 0.9030 1153.0624 0.000e+00 0.1615 6.1902 0.2310 

MPI-ESM-LR 0.9170 985.2139 0.000e+00 0.1891 5.2891 0.2470 

Table 15, under this low-emissions scenario (RCP2.6), reveals a moderate behavior 

when compared to the 1975-2005 historical period. Most models show a Pearson 

correlation coefficient (r) that is slightly lower or similar to the historical baseline, 

suggesting that the relationship with radiative forcing, while still very strong, is less 

linear than under the high-emissions scenario shown in Table 13. A slight increase in 

variability (Coefficient of Variation) and a corresponding decrease in the Signal-to-

Noise ratio are observed compared to the baseline period. This indicates that the 

warming signal, although clear, is more influenced by internal climate variability. The 

Hurst Exponent values, generally lower than those in the high-emissions scenario of 

Table 15 (particularly for the CNRM-CM5 model), point to reduced long-term 

persistence. This suggests that climate changes could be more manageable and 

potentially less irreversible if emissions are mitigated. 

Table 16: Average historical maximum temperature for the period 1975-2005 and 

observed data from global climate models (RCP8.5) for the period 2006-2100. 
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RCP2.6 

Periods 

Tmax 

Baseline 

CNRM-

CM5 

CSIRO-Mk 

3.6 

GFDL-

CM3 

IPSL-CM5A-

MR 

MIROC-

ESM 

MPI-

ESM-LR 

1975-2005 23.29 - - - - - - 

2006-2035 - 23.90 24.00 24.50 24.20 24.30 22.90 

2036-2065 - 24.60 26.10 25.50 25.50 25.90 24.30 

2066 -2100 - 25.50 27.90 26.80 27.70 28.00 26.30 

In the table 16, the historical maximum temperature (23.29°C) in La Molina increases 

drastically by approximately +4.4°C by the 2066-2100 period (multi-model mean: 

27.7°C). In contrast to the other scenario, the projections show an accelerated and 

consistent rise in each period, with no signs of stabilization. The models exhibit a wide 

range of 25.5°C to 28.0°C, yet all converge on a trajectory of severe warming. The 

MIROC-ESM model is again the most sensitive, projecting an increase of +4.71°C 

relative to the historical baseline. 

The graphic presents the results for the RCP8.5 scenario (Fig 13), showing the behavior 

of the average historical maximum temperature (1975-2005) versus the projection from 

the global climate models for 2006-2100. 

The implications of this high-emissions scenario are severe and include a high risk of 

crop thermal stress, increased evapotranspiration that would severely impact water 

resources, and more intense and frequent heatwaves. 

Table 17. Results of the paired Student's t-test for average annual historical maximum 

temperature values (1975–2005) versus those projected by global climate models under 

the RCP8.5 scenario (2006–2100 

Models 

Pearson's 

R 

Statistic-t 

P(T<=t) a 

queue 

Coefficient 

of Variation 

Signal-to-

Noise 

Hurst 

exponent 

1975 -2005 0.9000 631.0209 0.000e+00 0.1686 5.9301 0.2110 

CNRM-CM5 0.835 1070.7394 0.000e+00 0.1740 5.7483 0.1290 
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CSIRO Mk 3.6 0.936 975.1151 0.000e+00 0.1910 5.2349 0.2710 

GFDL-CM3 0.915 1100.0942 0.000e+00 0.1693 5.9059 0.2550 

IPSL-CM5A-MR 0.922 1083.6282 0.000e+00 0.1719 5.8175 0.2320 

MIROC-ESM 0.909 1169.0966 0.000e+00 0.1593 6.2763 0.2190 

MPI-ESM-LR 0.920 1034.8161 0.000e+00 0.1800 5.5554 0.2470 

Under the high-emissions RCP8.5 scenario presented in Table 17, the contrast with the 

1975-2005 historical period is more pronounced. The models generally exhibit a slightly 

higher Pearson correlation coefficient (r) than that observed under the RCP2.6 scenario 

(Table 10), indicating a stronger and more linear relationship with radiative forcing. 

Although the variability, measured by the Coefficient of Variation, is greater than in the 

historical period, the Signal-to-Noise ratio remains very high. This signifies that the 

warming signal is extremely strong and clear against the background of natural 

variability. The Hurst Exponent remains elevated in most models, confirming a strong 

persistence in the warming trend. The CSIRO-Mk3-6-0 model shows the highest 

persistence value (0.271), suggesting potentially more irreversible and long-term 

climate changes where warming trends are strongly entrenched 

Time Series Analysis Maximun Temperature: Historical 

Baseline (1975–2005) and Future Projections (2006–2100) 

The graphics (Fig 14A, 14B, and 14C) for the CNRM, CSIRO, and GFDL models 

project a consistent increase in the maximum temperature for the 2006-2100 period, 

with a clear divergence between scenarios. Under RCP2.6, warming moderates after 

mid-century, reflecting the effects of mitigation, whereas under RCP8.5 the increase is 

accelerated and sustained until 2100. This exacerbated warming implies more frequent 

and intense heatwaves, which would increase thermal stress on crops such as quinoa, 

elevating the evapotranspiration rate and water demand. The critical difference between 
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scenarios underscores the urgency of reducing emissions to avoid severe impacts on 

agriculture and water availability. 

Table 18. Non-parametric test (Sen-Mann-Kendall slope test) for minimum temperature 

values obtained using the DELTA correction in the CNRM, CSIRO, and GFDL models, 

for the period 2006-2100. 

Model S  Z Sen´s Slope Significance Trend 

CNRM RCP2.6 15128407 7.022 6.2383E-06 significant Positive trend at 95% 

CNRM RCP8.5 72838942 33.808 8.02828E-05 significant Positive trend at 95% 

CSIRO RCP2.6 48864105 22.680 4.2249E-05 significant Positive trend at 95% 

CSIRO RCP8.5 141356718 65.610 0.00017748 significant Positive trend at 95% 

GFDL RCP2.6 8296607 3.851 4.14665E-06 significant Positive trend at 95% 

GFDL RCP8.5 101689102 47.199 0.00011058 significant Positive trend at 95% 

The Mann-Kendall test results in Table 18 confirm a significant and accelerated 

warming trend in the maximum temperature for all models (CNRM, CSIRO, GFDL) 

and scenarios (RCP2.6 and RCP8.5) in La Molina. This increase, which is particularly 

intense under RCP8.5, implies more frequent and prolonged heatwaves that will elevate 

thermal stress in quinoa during its growth and flowering phases, thereby increasing 

evapotranspiration and the crop's water demand. To adapt, it will be crucial to 

implement strategies such as efficient irrigation, shading, or the selection of heat-

tolerant quinoa varieties to mitigate yield losses and ensure the sustainability of quinoa 

production under a more extreme climate. The divergence between scenarios highlights 

the urgency of mitigation actions to reduce severe impacts. 

The graphics (Fig 15A, 15B and 15C) for the IPSL, MIROC, and MPI models project a 

pronounced and consistent increase in maximum temperature, with a critical divergence 

between scenarios. Under RCP2.6, warming stabilizes after mid-century, whereas under 

RCP8.5 the increase is accelerated and persistent until 2100, a trend particularly evident 
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in the MIROC model. This extreme warming implies more intense and frequent 

heatwaves, which would elevate thermal stress on crops like quinoa, increasing their 

water demand and the risk of yield losses. The difference between scenarios reinforces 

the urgent need for mitigation to avoid irreversible impacts on regional agriculture and 

water resources. 

Table 19. Non-parametric test (Sen-Mann-Kendall slope test) for minimum temperature 

values obtained using the DELTA correction in the IPSL, MIROC, and MPI models, for 

the period 2006-2100. 

Model S  Z Sen´s Slope Significance Trend 

IPSL RCP2.6 22610912 10.495 1.52579E-05 significant Positive trend at 95% 

IPSL RCP8.5 137454608 63.799 0.000155111 significant Positive trend at 95% 

MIROC RCP2.6 43746254 20.305 2.76807E-05 significant Positive trend at 95% 

MIROC RCP8.5 143784589 66.737 0.000156880 significant Positive trend at 95% 

MPI RCP2.6 9656441 4.482 -3.48957E-06 significant Positive trend at 95% 

MPI RCP8.5 128148156 59.480 0.000142089 significant Positive trend at 95% 

The Mann-Kendall test results presented in Table 19 confirm a significant and 

accelerated warming trend in the maximum temperature for all models (IPSL, MIROC, 

MPI) and scenarios (RCP2.6 and RCP8.5) in La Molina, with the most intense warming 

occurring under RCP8.5. This increase implies more frequent, prolonged, and intense 

heatwaves, which will elevate thermal stress in quinoa during critical stages such as 

flowering and grain filling, thereby increasing evapotranspiration and water demand. To 

adapt, it will be crucial to implement strategies such as precision irrigation, shading, or 

the selection of heat-tolerant quinoa varieties to mitigate yield losses and ensure crop 

sustainability. The magnitude of warming under RCP8.5 reinforces the urgency of 

climate mitigation actions. 

5. Conclusions 
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This study assessed climate projections for the 2006-2100 period for quinoa 

(Chenopodium quinoa Willd.) cultivation on the central coast of Peru (Lima) using six 

coupled models from the CMIP5 project under the RCP2.6 and RCP8.5 scenarios. The 

results demonstrate a clear divergence in temperature and precipitation projections, 

which is critically dependent on the emissions trajectory. 

Temperature projections show a consistent and accelerated warming, particularly under 

the high-emissions scenario (RCP8.5). The projected minimum temperature increases 

by +1.4°C (RCP2.6) to +4.14°C (RCP8.5) by the end of the century, while the 

maximum temperature increases by +1.2°C and +4.4°C, respectively. These increases 

are statistically significant (Mann-Kendall test, p < 0.05) across all models and periods, 

indicating a robust warming signal independent of inter-model variability. 

Precipitation projections show high uncertainty among models, but key trends were 

identified. Under RCP2.6, precipitation remains stable or shows slight increases by 

2100. Under RCP8.5, greater variability is observed: while models like CNRM-CM5 

and MPI-ESM-LR project moderate changes, IPSL-CM5A-MR suggests extreme 

increases (∼5-6 times the historical value) and GFDL-CM3 projects drastic reductions 

(-66% in the near future). Despite this dispersion, the Mann-Kendall test did not detect 

significant trends in most models, except for GFDL (positive trend under RCP8.5) and 

IPSL (significant trends under both scenarios). 

The agroclimatic implications are severe under RCP8.5. The rise in minimum 

temperatures would eliminate frost events, altering crucial vernalization cycles (the 

process where a plant must experience a period of cold before being able to produce 

flowers) for crops like quinoa (Chenopodium quinoa Willd.), which requires cooling to 

reproduce. The increase in maximum temperatures and the potential intensification of 
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droughts (GFDL-CM3) or extreme rainfall (IPSL-CM5A-MR) would increase 

hydrological and thermal stress, compromising regional agricultural productivity. 

The methodological robustness is supported by the use of CMIP5 models, validated 

with observed data (1975-2005), and statistical analysis using Student's t-tests and the 

Mann-Kendall test, which confirm the significance of the projected trends. The 

divergence between scenarios reinforces the urgency of mitigation policies to avoid 

severe impacts. 

This work provides a scientific basis for climate adaptation decision-making in semi-

arid coastal regions like Lima, highlighting the need to develop resilient (alternative) 

crop varieties and efficient water management systems for the coasts of Peru. 
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