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Abstract

:

Climate patterns are natural processes that drive climate variability in the short, medium, and long term. Characterizing the patterns behind climate variability is essential to understand the functioning of the regional atmospheric system. Since investigations typically reveal only the link and extent of the influence of climate patterns in specific regions, the magnitude of that influence in meteorological records usually remains unclear. The central Peruvian Andes are affected by most of the common climate patterns of tropical areas, such as Intertropical Convergence Zone (ITCZ), Sea Surface Temperature (SST), solar irradiance, Madden Julian Oscillation (MJO), Pacific Decadal Oscillation (PDO), and El Niño Southern Oscillation (ENSO). They are also affected by regional processes that are exclusive from South America, such as the South American Low-Level Jet (SALLJ), South American Monsoon System (SAMS), Bolivian High (BH), and Humboldt Current. The aim of this research is to study the climate variability of precipitation, maximum and minimum temperature records over Cordillera Blanca (Peru), and its relationship with the intensity and periodicity of the common climate patterns that affect this region. To achieve this aim, a spectral analysis based on Lomb’s Periodogram was performed over meteorological records (1986–2019) and over different climate pattern indexes. Results show a coincidence in periodicity between MJO and SALLJ, with monthly cycles for precipitation and temperature (27-day, 56-day, and 90-day cycles). Moreover, the most intense periodicities, such as annual (365 days) and biannual (182 and 122 days) cycles in meteorological variables, possibly would be led by ITCZ and ENSO together, as well as a combination of the Humboldt Current and SALLJ. Additionally, interannual periodicities (3-year, 4.5-year, 5.6–7-year and 11-year cycles) would have coincidence with the ENSO–solar combination, while the longest cycles (16 years) could match PDO variability.
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1. Introduction


Climate patterns such as marine currents, monsoons, atmospheric configurations, or low level winds lead climate variability at a short and mean term. It also can be considered as the climate patterns of solar irradiation [1], the El Niño Southern Oscillation (ENSO) phenomena, or the latitude southward shift of the Intertropical Convergence Zone (ITCZ) [2].



Analysis of the dynamics of climate patterns was found to be of great utility of feeding climate models [3,4], remembering that variations on a global scale are also influenced by regional processes. Characterization of the regional pattern periodicity can help models to better predict future changes, as relationships between those patterns and different weather configurations need to be clarified. Other studies related the regional climate patterns with current glacier mass balance [5,6] and palaeoclimate weather configuration [7].



Nowadays, the South America climate is influenced by typical natural processes of tropical areas due to its geographical position, such as the latitudinal displacement of the ITCZ, Pacific Decadal Oscillation (PDO), or the Madden Julian Oscillation (MJO). Additionally, South America is affected by specific regional patterns, such as the El Niño–Southern Oscillation (ENSO), the South Atlantic Convergence Zone (SACZ), the South American Monsoon System (SAMS), or the Humboldt Current [8,9]. Sea Surface Temperatures (SST) would also lead most of these climate drivers as a primary force [10,11]. The Andean range modifies the low-level jets (resulting in the South American Low-Level Jet; SALLJ) or the precipitation over the Andean–Amazon feature that creates the Bolivian High (BH). The Peruvian Central Andes, and hence Cordillera Blanca (the study area), are affected by the previously exposed tropical climate patterns, and its own geomorphological characteristics could also modify the influence of those climate drivers.



In the current global climate change context [12], the region’s aim of study in this research (Cordillera Blanca), would situate in a temperature rising of +2.8 °C for the RCP 2.6 and +6 °C for RCP 8.5, both scenarios in the year 2100 [12,13]. In a similar way, precipitation could suffer a 15% or even 20% rise, according to both scenarios previously mentioned [13,14], by the end of the century.



Therefore, it is needed to characterize the climate patterns dynamics in order to detect changes in their evolution, and watching the climate change influence on the patterns that drive these natural processes. Most of the research that deals with this fact reveals the extent and relationship between climate drivers and their influence on the region [15,16,17] or the atmospheric mechanisms that depend on the pattern [18]. Nevertheless, the magnitude and periodicity of the influence of climate patterns in regional meteorological data series usually remain unclear.



Spectral analysis techniques [19] represent an optimal statistical approach for decomposing and identifying periodicities subjacent in data series. Those techniques were widely applied in the Earth sciences field and overall in solar periodicity related research [20,21,22], but also over air quality data series [23,24], both revealing important controls on climate. In regional studies, spectral analysis was also applied to climate records in order to diagnose the ENSO patterns [25] and to identify the regional structure of precipitation that matches seasonal patterns [26]. Long and complete data series are enough for being subjected to spectral analysis, returning periodicities above a minimum statistical significance level. Therefore, meteorological records or climate indexes (or any other record with variability and a big amount of data) have a great potential for being analyzed.



However, plenty of spectral analysis made of meteorological records from South America does not exist, being mainly palaeoclimatic analysis of sediment cores [27] and ice cores [28,29]. These analyses of periodicities of palaeoclimate proxies are able to determine the regional climate variability, correlating the ciclicities found on proxy data series with the known behavior of climate patterns. Spectral techniques were also applied in the climate study itself, used to characterize the precipitation in the Bolivian Altiplano [30] or to analyze the climatic relationship between places at a long distance, such as Kenya–Ecuador–Hungary [31].



The here proposed data analysis can allow us to characterize the periodicities of the different regional climate pattern magnitudes and relate them to existing periodicities of the same area. Through spectral analysis, the common cycles that rely on different meteorological records can be decomposed and also matched to periodicities of climate patterns. Correlating the meteorological records with the climate patterns can shed light on the regional climatic controls, as some of the influences on climate variability remain unknown. It is not properly understood yet if long distance climate patterns are able to influence in far areas through teleconnections (such as MJO or PDO to some areas of South America), and hence, spectral analysis is able to answer these questions [31].



The aim of this work is to correlate the periodicity of the main climate patterns that affect the Cordillera Blanca of Peru (and middle western South America) with the ciclicities registered over meteorological data series (precipitation, maximum and minimum temperatures) of that mountain range between 1986 and 2019. Common periodicities estimated for climate patterns and meteorological records allowed us to identify the regional climatic controls. Obtained results can be added to the current knowledge on South America’s meteorological variability as they clarify the extent of the influence of some climatic teleconnections. The characterization of regional climate variability and teleconnections influence is of particular importance due to the climatic context of Cordillera Blanca that, as a tropical area, is very vulnerable to today’s climate change [32,33].




2. Study Area


The present work is based on meteorological data series recorded over Cordillera Blanca (Peruvian Andes) and its surrounding area (Figure 1). Cordillera Blanca is a mountain range located in the Central Andes that extends with a latitude of 8°30′ to 10°10′ S and longitude 77°00′ to 78°00′ W, with a Northwestern–Southeastern direction. The range is located in the Ancash department and is one of the highest Peruvian areas, with an average elevation of 4112 m above sea level. Maximum elevation is located in the summit of Nevado Huascaran (6757 m.a.s.l.) [34], while the minimum is found at 978 m.a.s.l. in the Santa River floodplains, northeast of Cordillera Blanca. There also exist 30 summits with a higher elevation than 6000 m [35].



Cordillera Blanca is climatologically influenced by its tropical position and its elevation. In this mountain range, the climate changes according to the rise in altitude, finding semi-arid characteristics in the foothills of the western slopes. In the foothills of Cordillera Blanca, the accumulated average annual precipitation would range between 500 and 1000 mm, while in the summits there would be a fundamentally solid precipitation that would amount to an annual average of 1000 mm [36]. The average annual temperature on the slopes would range between 0 and 6 °C, while on summits would be below 0 °C.



Climate allowed Cordillera Blanca to become the largest area covered by today’s tropical glaciers on the planet Earth [37]. The retreatment of those glaciers since the last glacial maximum [38] created over 830 natural lakes with an area of 57.6 Km2 that feed rivers and channels that are the main freshwater source for more than 1 million people in the department of Ancash [39]. The climate allows a series of changing ecosystems by altitude, such as the so-called “Puna” and “Jalca”, located above 3300 m; the “Paramos”, located between 3800 to 4500 m.a.s.l.; and cryoturbed soils above 4500 m, composed of unique vegetation [40]. Characterization of climate variability is needed because of the influence that different dynamics could have on water resources and ecosystems, moreover in a changing climate.




3. Materials and Methods


3.1. Materials


For the spectral analysis, up to 17 meteorological stations were chosen (Table 1) covering the Cordillera Blanca area, which contained records of precipitation and maximum and minimum temperatures. The meteorological data were provided by the peruvian meteorological and hydrology service (SENAMHI) and the Agroancash organization. The study period is from 1 January 1986 to 31 December 2019, covering a time series of 34 years, and the raw data provided had a daily time step.



At the same time, information was obtained on indicators of the various climatic patterns that most frequently affect the Cordillera Blanca. These data, recorded at daily, monthly, and annual scales, were also subjected to spectral analysis. The indices here consulted (Table 2) were obtained fundamentally from the National Oceanic and Atmospheric Administration of the USA (NOAA), as well as from other published works. Chosen periods for analysis were from 1986 to the most recent date.



The solar activity, the PDO, and the SAMS, were not subjected to spectral analysis due to the large number of recent studies that determined their periodicity.



Both weather and climatic index variables had longer data series available than the chosen period. In the case of Huánuco, Oyón, Augusto Waberbahuer, and Recuay, data started between 1933 and 1964, while the chosen period was 1986–2019. Beginning in 1986 for the climatic analysis allowed more accuracy due to large inconsistencies in the records (non homogenized values, incomplete data, etc.). Nearly all climate index data series started previous to 1986, but in order to select a homogene period with weather records, the 1986–2019 period was chosen for analysis.




3.2. Data Series Preprocessing


The meteorological data series (precipitation and maximum and minimum temperature) were preprocessed based on standardization techniques. These techniques included performing data homogenization and adjustments, the removal of statistically insignificant data, interpolation of data, and statistical imputation of missing and deleted data. It was not necessary that NOAA and other indexes were subjected to homogenization processes, but in the case of Bolivian High and SALLJ, interpolation processes were needed.



The homogenization of the data was carried out only in the stations of Cachicadán (for the variable of precipitation), Casapalca (precipitation), Huánuco (precipitation), Santiago Antúnez de Mayolo (precipitation and minimum temperature), and Augusto Weberbahuer (precipitation and minimum temperature). To carry out the homogenization, the methodology proposed by Martinez et al. [50], was applied to the Huánuco, Oyón, and Chavín stations as a reference based on proximity.



Some meteorological records had missing data, which were completed using statistical imputation techniques proposed by Paulhus and Kohler [51,52]. These techniques were implemented with the Rstudio software [53] from our own code generated for this study.



The formula used in the imputation code is expressed in Equations (1)–(3), and a nearby station with complete data is necessary, which would serve as a reference for temperature variations in the area.


  I m p u t e d   T .   v a l u e =  (  C o e f .   a + C o e f .   b  )  ∗   C o m p l e t e   S t a t i o n   V a l u e .    



(1)




where the coefficients a and b are calculated with equations that depend on mean values as follows in Equations (2) and (3).


  C o e f .   a =     x ˜   i n c o m p   −  σ  x y      σ 2  ·   x ˜   c o m p     .  



(2)






  C o e f .   b =    σ  x y       x ˜   c o m p      



(3)







The coefficient “a” is the dividing expression between the difference of the mean of the incomplete data series station with the covariance of both stations; while the coefficient “b” is the division of the covariance of both stations by the mean of the selected station.



For precipitation, gap filling was also used for the imputation of statistical equations [50]. In this case, two surrounding meteorological stations with complete data were needed, and monthly means of the completed stations were calculated for being integrated in the equation as follows (Equation (4)):


  I m p u t e d   P .   V a l u e = (  (   1  3 − 1    )  ×  (      α 1     x ˜   c o m p 1        )  +  (      α 2     x ˜   c o m p 2        )  .  



(4)




where α1 is the diary value of the reference station number 1, which is one of the stations with completed data, and     x ˜   c o m p 1     is the monthly mean of that completed station number 1. Again,   α 2   is the diary value of the completed station number 2, and     x ˜   c o m p 2     is the monthly mean of that completed station. Both developed codes (supplementary material) were created with Mean Squared Error (MSE) data, which are based on Gauss’ proposal of evaluation [54].



The meteorological and climate pattern series were subjected to linear and polynomial adjustments to eliminate trends (detrending) in the short and medium-long term. Meanwhile, the precipitation variable was subjected to an interpolation process. In the case of precipitation, it was necessary to transform the 0 values (equivalent to days without rain) into interpolated values that laid between the actual rain measures [55,56]. This same technique was performed for Bolivian High and SALLJ indexes, as they had 0 values to represent the non-occurrence of BH and SALLJ situations.




3.3. Spectral Analysis


Spectral analysis allows data series to be broken down into cycles that may be superimposed on temporal variability, and they would be difficult to recognize with the naked eye.



The three meteorological variables treated in this study, as well as the climate patterns, were evaluated with the spectral analysis technique using the PAST software [57]. This program uses the Lomb–Scargle periodogram algorithm, which allows for obtaining spectral diagrams with respect to non-equidistant time [19,50].



The results show different maxima and minima peaks related to a periodicity defined according to the spectral power of each period. The analysis also showed a minimum significance or spectral power for each period of the data series, below which the indicated periods do not occur enough times to be decisive. Periodicities were discarded if they did not exceed the given significance. The formula on which the Lomb periodogram is based is shown in Equations (5) and (6).


   I  (   ω j   )  =  1  2  s 2    {      [    ∑   i = 1  N   (  z  (   t i   )  −  m z   )  c o s  [   ω j   (   t i  − τ  )   ]   ]   2      ∑   i = 1  N  c o  s 2   [   ω j   (   t i  − τ  )   ]    +         [    ∑   i = 1  N   (  z  (   t i   )  −  m z   )  s i n  [   ω j   (   t i  − τ  )   ]   ]   2      ∑   i = 1  N  s i  n 2   [   ω j   (   t i  − τ  )   ]    } .           



(5)







The  τ  parameter needs to be resolved in order to make the estimators on the Equation (5) independent from time. That variable is expressed as follows:


  t a n  [  2  ω j  τ  ]  =     ∑   i = 1  N  s i n  [  2  ω j   t i   ]      ∑   i = 1  N  c o s  [  2  ω j   t i   ]      .  



(6)







Values  m  and s2, are average estimators, the typical deviation is {z(t1), z(t2), ..., z(tN)}, and wj is the angular frequency in radians for each periodicity. Additionally, ƒj = wj/(2) is the frequency in cycles for each sample interval. The  τ  parameter makes the estimator of the Equation (6), I(wj), independent from time. This estimator I(wj), is Lomb–Scargle’s periodogram for the frequency of wj.



The results of the spectral analysis were expressed, in turn, in maps where a graph is collected with a result for each weather station and a map for each variable.





4. Results


4.1. Analysis of the Spectral Periodicity


This section contains the results of the spectral analysis of the three meteorological variables analyzed. Figure 2. shows a graph of the spectral results with the time periods and the “Power” of each variable for each station, where only those periods higher than the minimum significance (power value between 10 and 12) are represented, depending on each analysis. To facilitate the representation and given the low presence of spectral periods, the results with a period greater than 1000 days are not shown.



All spectral periods found with sufficient significance are included in the supplementary material. This table shows the periods for all the meteorological stations and the three analysis variables. Table 3 and Table 4. are a summary (expanded in the supplementary material), where the spectral periods that coincide in various time ranges are indicated.



In Figure 2, up to 15 general groups of spectral periods are observed (3 main periods and 12 secondary). The records show very clear spectral signatures in the periods of 122, 182, and 365 days. In the 122-day period, all the stations would present spectral maxima in some of their variables with the exception of the Pomabamba station. The period of 365 days would be observed in all the variables of all the stations, with the exception of the maximum temperature in the Matucana station.



Secondary periods were much more distributed in all the data series and were not coincidental for all the variables and seasons. The following several secondary periods were observed:




	
27 to 30 days (3 months).



	
46 to 52 days (almost a month and a half).



	
90 days (3 months).



	
479 days (1 years and 3 months).



	
Between 548 and 560 days (1 year and 6 months).



	
635 days (1 year and 9 months).



	
1095 days (3 years).



	
1460 days (4 years).



	
1650 days (4.5 years).



	
Between 2000 and 2555 days (5.6 to 7 years).



	
Between 4015 and 4380 days (11 to 12 years).



	
Between 5110 and 6570 days (14 to 18 years).









4.2. Spectral Analysis of Main Climatic Patterns


Several climate patterns that most frequently affect the Cordillera Blanca were analyzed with spectral techniques in order to be used in comparison with the meteorological variables.



The spectral analysis of the ONI index, an indicator of ENSO phenomena (Figure 3), yielded five identifiable maximums above the significance P0.01 level. These maximums were 12 months (1 year), 17–20 months (1 year and 5 months to 1 year and 8 months), 39 months (3.25 years), 57–77 months (4.7 to 5.5 years), and 141 months (11.75 years).



In the matter of the SST (Figure 4), a single cycle of great power is observed, referring to 12 months (1 year). There would be a second cycle of 44 months (4 years), but it would not reach any of the minimum significances, not even the P0.05 significance level.



In the spectral analysis of the intensity of the Humboldt Current (Figure 5), up to six cycles would be found, in which one of them would be a double cycle, leaving five periodicities. The cycle with the highest power would be the period of 1.18 years (1 year and 1 month), followed by a cycle of 0.86 years (10 months), 0.48 years (6 months), and 0.24 years (4 months). The rest of the long-term periodicities would be 26 months (2.16 years) and 54 months (4.5 years).



Figure 6 shows the spectral analysis of the quarterly series of ITCZ latitude displacement. This result would show a single period of 33 months (almost 3 years) as significant, although it would be below the P0.01 level of significance, but above the P0.05 level.



Despite the low significance, it was considered as correct, given that the low value of spectral power may be due to a small number of the data series analyzed, that in a greater temporal resolution it could offer a higher significance level.



In the spectral analysis of SALLJ (Figure 7.), up to 6 discernible periodicities were found. Three of them would be below the annual value (12 month): 8.8 months, 4.7 months, and 25 days. Above the annual value, periods of 32 months (2 years and 7 months), 63 months (5 years and 6 months), and 110 months (9 years and 3 months) were found.



In the spectral analysis of the MJO (Figure 8), a great variability of high powers and very frequent cycles would be observed. However, among the high frequency of cycles, a series of periodicities is observed that would “stand out” among the rest, being mainly 7 cycles.



It is possible to assume that there would be detected cycles every 21 days, 36 days, between 46 and 50 days (1 month and a half), 58 days (1 month and 3 weeks), 66 days (2 months), 75 days (2 and a half months), and 91 days (3 months). Above this 91-day cycle, there would be no more periodicities that exceed the level of significance, indicating that the entire MJO process would have a maximum duration of 91 days.



Spectral analysis of the OLR (Figure 9) showed only one periodicity at 45 days (1 and a half months). Another near 9-month (265 days) cycle is close to the P0.05 significance but still below the level.



The data related to the Caribbean Low-Level Jet, the Bolivian High, and the Chocó Low-Level Jet, due to their annual resolution scale, could not be subjected to spectral analysis, since such a short data series yields errors for powers much lower than the estimated significance. The maximum powers reflected in these analyses were found at spectral values between 4 and 6, with a minimum significance of P0.01 between 11 and 10 and P0.05 between 9.5 and 8.




4.3. Results Synthesis


In the meteorological spectral analysis, up to 3 intraseasonal (27–30 days, 46–52 days, and 90 days), 2 interseasonal (122 days and 182 days), and 1 annual (365 days) periods were found.



The intraseasonal periodicities of 27–30 days would have some coincidence with solar cycles of 27 days [58], while periodicities of 46–52 days and 90 days would match the MJO periodicities here found of 30 days, 45 days (also OLR 45 days), and 91 days. Interseasonal period of 182 days would match the ITCZ periodicity here identified of 182 days. Annual periodicities in the weather records would match the ENSO and SST 1 year periodicities here found.



In longer scales, 6 interannual (1 year and 3 months, 1 year and 6 months, 1 year and 9 months, 3 years, 4.5 years, and 5.6–7 years) and 2 interdecadal (11–12 years and 14–18 years) periodicities were also identified.



The 1 year and 3-month period could match the 1.3 periodicities for Humbold current and SALLJ found in the present work, while the 3-year period could also have connection with the ENSO, SALLJ, and ITCZ displacement, all with a 3-year periodicity. The 4.5 period and period could match the ENSO periodicity here found. The interdecadal period of 11–12 years would be connected to SST, ENSO, and solar variabilities [59], while the 14–18 periods could be little related to PDO variabilities [60].





5. Discussion


Few climatic studies were carried out in the South American region using the spectral analysis technique, being mostly paleoclimatic analysis of sedimentary cores [27] and ice cores [29]. Three different works [30,31,61] with a spectral analysis methodology were found dealing with meteorological records in South America, revealing the lack of this approach for climate analysis.



In Peru, the application of the Lomb periodogram was only applied by the Peruvian Meteorological and Hydrology Service [61] not for the purpose of periodicity analysis, but to determine the probability that the ENSO phenomenon could suffer a change in intensity due to the influence of climate change.



Therefore, the methodology carried out in the present study would be unprecedented in the analyzed territory (Cordillera Blanca). Without the possibility of an adequate comparison of the results (with more similar works), these were compared with the periodicities of the synoptic-scale patterns that could most affect the Cordillera Blanca.



5.1. Intra-Annual Periodicities


The three main periods with a high spectral value and existing in most of the Cordillera Blanca’s weather stations for all the variables would be the periods of 122 days (4 months), 182 days (6 months), and 365 days (1 year). The periods of 182 days and 365 days would correspond to cycles present in the data series that would have a biannual and annual character.



The 182-day period found on Cordillera Blanca weather records would have a good correspondence with the patterns of the strengthening/weakening of the Humboldt Current, which, according to the spectral analysis performed in this study, would have a biannual behavior (among others), revealing changes in the current every 6 months.



The 365-day period would be the most powerful and with the greatest presence in all the variables of all the meteorological records. This period would correspond to cycles of similar power and frequency present in almost all the patterns that would act in the Cordillera Blanca. Periodicities of 365 days were observed in the ENSO events, Humboldt Current enhancement, and Sea Surface Temperature (SST). In this last case, SST could be a primary force by influencing the ENSO and Humboldt Current behaviors [62,63]. While other studies describe an annual periodicity for the ITCZ displacement over Peru [8,64], the present did not find enough significance in this annual periodicity, probably due to a low resolution of the data series for ITCZ.



The 122-day period (4 months), would have a good correspondence with the periodicity found in the strengthening/weakening of the Humboldt Current, as well as in the variability found in this work for the South American Low-Level Jet. This fact would make climate sense, since the period 122-day period is more noticeable in the precipitation variable, being the Humboldt Current the one that could influence the precipitation of the meteorological stations located to the West, while the SALLJ could have a great influence on the precipitation East-facing stations [16,47,65].



The secondary periods detected on a monthly scale would be of 90 days (3 months), 72 days (3 months and 15 days), 46 days (one month and 15 days) and 27 days.



The 72-day period and 90-day period found in Cordillera Blanca would be very close and could be considered as the same cycle. There would be some correspondence with the estimated cyclicity in this study for the MJO (Madden Julian Oscillation), a climate pattern that would have two cycle peaks of 91 and 75 days revealed here. This oscillation occurs in the waters of the Western Pacific and there is still not enough literature linking the MJO with the variability of precipitation or temperature in the South American continent, although some recent research that describes a certain influence on both variables through the greater or lesser propagation of Rossby waves [66,67]. Some influence of the MJO on the variability of precipitation was also described from the activity of the South American Summer Monsoon [68]. In the case of this study, a possible greater influence of the MJO phenomenon on the minimum temperature of Cordillera Blanca would be observed, rather than on the maximum temperature or precipitation, and a notable influence on cloudiness could also be shown.



The secondary period of 46 days observed in this study would correspond to a periodicity of maximum and minimum temperature rather than for precipitation. In this case, a correspondence with the MJO phenomenon would be observed, again, since periodicities of exactly 46 days would be revealed in this climate pattern. However, this would not be the only coincidence, as the Outgoing Longwave Radiation (OLR) variable would also show 45-day cycle as derived from the present work, while some research found that the SST would have warm episodes every 1 or 2 months during the spring season [69,70]. In the case of precipitation in the Amazon basin, periodicities between 1 and 2 months were also found that could be influencing the study area [71], although it would be discarded due to the low number of periodicities found for precipitation. In this work, possibly, all the climate patterns described below would act in a staggered manner, changing in the first instance the temperature of the SST, thus influencing the MJO, which would have an impact on the OLR (clouds) over Cordillera Blanca and which, subsequently, would influence the maximum temperature and minimum from the phenomenon of outgoing energy to the atmosphere and the associated increases or decreases in temperature [72,73].



The secondary periods of 30 and 27 days could be described as the same period as a whole, being a monthly cyclicity present fundamentally in the maximum and minimum temperatures. These cycles would have correspondence to MJO and SALLJ patterns, given the revelation in this study of two 21-day periods for these processes. In turn, several investigations observed solar periodicities of exactly 27 days, which fully coincide with the temperature periodicity revealed here [21,58]. Once again, the solar influence as primary forcing could be induced indirectly through the influence of the MJO and the SALLJ on the temperature variables, and could even directly influence the solar irradiation that would reach the Cordillera Blanca.




5.2. Interannual Periodicities


Other secondary periods would have interannual behavior in the study area, with periodicities found for 479 days (1 year and 3 months), ~550 days (1 year and 6 months), and 635 days (1 year and 9 months).



The meteorological periodicity of 635 days, corresponding to 1 year and 9 months, would not coincide with any of the analyzed climate patterns, although it could be close to the 2-year cyclicity of ENSO events reported by Lu et al. [74]; however, it would not coincide for 3 months, which would be a long period.



The cycle of 479 days corresponding to 1 year and 3 months would correspond to cycles of similar periodicity found in this study for the SALLJ (1 year and 2 months) and the strengthening/weakening of the Humboldt Current (1 year and 4 months). This periodicity would have a greater power for the minimum temperature variable, indicating that the influence of these events would be related to cloud cover and it is probably due to this fact that the coincident climate patterns are two of the most closely related to precipitation. It is possible that the joint influence of both patterns is more intense in the meteorological stations located to the west in the case of the Humboldt Current and for the stations located to the east in the case of the SALLJ, modulating the minimum temperature of both patterns in a similar way, and leaving the common period to be sensitive in the middle of their periodicities (1 year and 3 months) for the entire study area.



The cycle around 550 days (1 year and 6 months) would be revealed mainly for the temperature variable in Cordillera Blanca. In this case, there would not be coincident cycles in the climate patterns analyzed in this study, but the closest period is the strengthening/weakening of the Humboldt Current with 1 year and 4 months. However, the difference of 2 months between the two cycles would lead one to think that there is no connection, or that the link is very soft, between the patterns and the temperature.



The secondary long-term interannual variability periods would be the 1095-day (3 years), 1460-day (4 years), the 1650-day period (4.5 years), and the double period from 1825 to 2555 days (5.6–7 years), the period of 11 years, and the double period of 16 to 17 years.



The period of 1095 days (3 years) would be more visible in the maximum temperature than in the minimum, and no coincidence would be observed for precipitation. This periodicity for Cordillera Blanca records would be coincident with the ENSO climate pattern, the SALLJ, and the ITCZ displacement, which yielded periodicities of 3 years and 3 months in this study. The 3-month lag, with respect to the meteorological periodicity, would be considered normal due to the large amount of data accumulated within the 3-year cycle, unlike previous periodicities that would have a lower data range. The influence of the ITCZ could be higher in this case than the ENSO phenomenon, since the ITCZ climate pattern would be associated with a greater cloud cover of vertical development and cumulus [69], creating a decrease in the maximum temperature in Cordillera Blanca, and therefore allowing the correspondence here hypothesized. It is possible that the frequency of entry of the ITCZ over areas close to the study area is not generating enough precipitation to be detected in a spectral cycle, but it is “pushing” the cloud band southward and influencing the maximum temperature. This observation would coincide with the investigations of Su et al. [75], who observed that the mean high-type cloud cover in the tropics decreased on an interannual scale with the warming of the land surface while OLR and precipitation increased.



The period of 1460 days or 4 years would not have a correspondence with any of the periodicities found in this study, nor with any of the cyclicities consulted in the bibliography.



The periodicity of 1650 days (4.5 years), would be a period with a great imprint in the maximum temperature and slightly in the minimum temperature. This period could have a correspondence with the periodicity observed in this study for the ENSO phenomenon of 4.7–5 years. Some research revealed the existence of a solar cycle of between 5 and 5.5 years [21,76,77]. It would be possible that these solar cycles (especially the 4.7–5-year cycle) were exerting influence as a primary force to be transmitted from the variability of the ENSO phenomena as a secondary forcing. Even so, the existence of a direct influence of solar irradiation should not be ruled out, since the maximum temperature is a variable highly dependent on irradiation [72,73]. It is likely that the conjunction of both climate patterns (ENSO and solar irradiation) could be influencing the temperature variable, with ENSO events creating a greater or lesser cloud cover and directly influencing solar irradiation from the solar periodicities mentioned.



The double period of 1825 and 2555 days (5.6 to 7 years), found in Cordillera Blanca, would have a greater imprint on the maximum temperature. Even so, some authors [30,74] would indicate the existence of ENSO periods with a cyclicity of 5 to 7 years, as well. However, in the present study, this 7-year periodicity was not found after the spectral analysis of the ONI index data. Certain investigations revealed the existence of a solar cycle of between 5 and 5.5 years [21,76,77,78], while the existence of a solar periodicity would also determine 7.8 years [21], which would be somewhat far from the double periodicity observed in the meteorological variables of the present study. The greatest probability would be that the conjunction of both climate patterns was influencing the temperature variable, with ENSO events creating a greater or lesser cloud cover and directly influencing solar irradiation from the solar periodicities mentioned.




5.3. Long Term Periodicities


In the long term, the first periodicity calculated would be 11–12 years (4015–4385 days), which would coincide to a greater extent with the minimum temperature compared to the maximum temperature and would have no influence on the periodicity of precipitation. Historically, the 11-year cycle was associated with sunspot variability [22,76,77,78], which would have a repercussion on the short term temperatures, from the semi-regular increase and decrease of up to 0.15% of the solar intensity, but without much long-term influence [79]. Solar variability, however, could have a broader influence on temperature decreases than on increases [80], a possibility that would explain, according to the results of present work, the greater influence of this period on the minimum temperature than on the maximum temperature. In order to have a greater influence on the maximum temperature than on the minimum, it would be necessary to have a conjunction of the solar periodicity with other climate patterns, such as the OLR and CO2 [81,82,83], which would not be reflected in the maximum temperature periodicity.



The correspondences of this 11-year periodicity would not only be with solar variability, but would also coincide with the 11-year ENSO periodicity resulting from the spectral analysis of this study and with the 11-year cyclicity found by Lin et al. [59] in the SST, who also related this solar shift with the SST and ENSO variability. Therefore, the existence of a “cascade” phenomenon would be very likely, whereby the correspondence of the minimum temperatures would be influenced by the triple solar–SST–ENSO phenomenon in a coincidence between all the phenomena.



The last cycle detected in the spectral analysis of the meteorological variables would be the double the cycle of 16 and 17 years, which can be detected in all the variables, both maximum and minimum temperatures, as precipitation. At first, it was thought that this cycle would be an artificial result coinciding with the length of some of the meteorological datasets and the end of the series. This fact was discarded when it was observed that the stations with periodicities of 16–17 years would be those of Huánuco, Oyón, Augusto Weberbahuer, Cachicadán, and Pomabamba, which would be part of the observatories with the longest data series (32 years).



After discarding the above hypothesis, it was observed that the only correspondence with any climate patterns could be with the PDO, which, during warm climatic stages, would have a periodicity of between 12 and 20 years [84]. The influence of the PDO on the temperature of South America was described in different investigations [85], being in turn remotely connected from the ENSO [30,86,87] and the SST [88], climate patterns that could be directly influential to Cordillera Blanca. However, none of these last patterns showed significant periodicities in the present study that coincided with these PDO cycles, perhaps due to the range of data analyzed.



In a general look, it is possible to affirm that the Humboldt Current, the MJO, the SALLJ, and the OLR would have an intra-annual variability fundamentally, while the solar climate patterns would have inter-annual variability (with the exception of the 27-day cycle) and the decadal PDO. In addition, there would be some patterns that would alternate between inter-annual and intra-annual variability, such as the ITCZ, SST, or ENSO.




5.4. Comparison with Other Regions: Cases of Study


Through spectral analysis, other authors detected periodicities very similar to this study in meteorological records of precipitation and temperature in South America and in other parts of the world. However, the literature is scarce.



Ilyes et al. [31] performed spectral analysis of precipitation series from Ecuador, Kenya, and Hungary. In the area of Ecuador, the Costa, Sierra, and Amazon region revealed periodicities of 365 days and 182 days, which would fully coincide with the main cycles detected in this study.



As secondary cycles in the Amazon regions Ilyes et al. [31] detected periods of 4 months and in the Andean area of 3 months, being in line with the secondary cycles detected in the present work of 90 and 122 days. This 122-day cycle is one of the main cycles and corresponds well with the precipitation in Cordillera Blanca. The 90-day cycle would be observed in general in the Cordillera Blanca, although it would have a greater presence in the stations located to the Northwest of the Cordillera Blanca and a greater power in the Western subregion, being, perhaps, the area closest to Ecuador. The appearance of this cycle in a study area in Ecuador would reinforce the hypothesis that it is the regions closest to the Pacific that would be affected by the MJO climate pattern. A last period of between 2.3 and 2.4 months would appear in the Ecuadorian highlands and Amazon but would not correspond to the cycles detected in this study.



Finally, on the Ecuadorian coast, Ilyes et al. [31] would detect a cycle of 54 months (4.5 years) and another one of 27 months (2 years and 3 months). The cycle of 54 months would have a perfect fit with the cycle of 4.5 years detected in Cordillera Blanca, which would be attributed to the joint influence of the Sun and the ENSO events. The period of 27 months (2 years and 3 months), found in Ecuador, would not correspond to any period detected in Cordillera Blanca.



In turn, the teleconnections that are proposed between Ecuador–Kenya–Hungary [31], could also be related to the Cordillera Blanca region, as periodicities of 1 year are detected for Kenya and Hungary, and of 3 and 4 months for Kenya, indicating that the processes behind these cyclicities could happen on a global scale. Further investigation would be required in this regard.



Recent research on Natuna Island, Indonesia [89], detected some similar cycles for the precipitation variable. Despite the distance between this region and the Cordillera Blanca, there would be some similarities revealed by observing periodicities of 361 days and 177 days that could be close to the periodicities of 365 days and 182 days detected in Cordillera Blanca. While the authors did not assume a clear force behind the 365-day cycle, the 177-day cycle was attributed to possible climate patterns such as the MJO, Borneo vortex, and cold surge. Although the 182-day cycle of the Cordillera Blanca is attributed to the variability of the Humboldt Current without finding close periodicities of the MJO, on Natuna Island, the confluence of the MJO with the other climate patterns could be creating local conditions for a variability of that period, not invalidating the observations made in the present study.



Herho et al. [89], in turn, detected a third period of 1652 days (4.5 years). This period is attributed to the influence of the ENSO events and the Indian Ocean Dipole. This 4.5-year period would have an exact correspondence with the 54-month period found in Ecuador [31] and would be completely consistent with the 4.5-year period found in the present study. The three periods of Indonesia, Ecuador, and Cordillera Blanca would coincide quite well with the ENSO periodicity of 4.5 years detected in the present work, which could again indicate that the 4.5-year periodicity of the maximum and minimum temperature variables, without being reflected in precipitation, would have a joint influence with some other climate patterns and not only the ENSO. Probably, at least, it could have an indirect and relatively advanced influence (due to the difference of 2.4 months between the ENSO and the meteorological variables of the three regions) in Cordillera Blanca due to less variability, as it is far from the coast. In any case, the periodicity of 4.5 years in the three regions would be jointly attributed to the variability of the ENSO phenomena.



Although some of the main research in the South American climate characterizes the influences of MJO as a dipole influence or a teleconnection [8,90], the present study could find the MJO as one of the more probably matched patterns in the intraseasonal and interseasonal scales, similar to the results found in Herho et al. [89].




5.5. Shortcomings


Some shortcomings have to be taken into consideration. First of all, as data records come from different sources, different time scales were involved in the analysis. Meteorological records are in a daily time scale, as well as sun radiation and the MJO index for climate pattern analysis. Other data records are in a monthly and annual time scales, preventing a correct analysis and not matching with meteorological records, which are on a daily scale. Even so, it was possible to calculate correlations of periodicities for records that originally had different time spans. Annual time scales in the Bolivian High, Caribbean, and Chocó Low-Level Jets prevented the periodogram from calculating periodicities with enough significance. Further research on improving the time span for the climate pattern indexes on an annual scale is recommended in order to find periodicities with enough significance.



Additionally, some of the climate pattern indexes were not renovated since decades ago. The ITCZ displacement index, Bolivian High index, as well as the Caribbean and Chocó Low-Level Jets have values for more than 17 to 12 years before the writing of this work, preventing an actualization of the behavior of these climate patterns. On the other hand, the last decades, in terms of global warming, were the most warmed years in Latin America [91], probably influencing climate pattern behavior. Further research in actualizing these indexes when taking into consideration the periodicity results is needed.





6. Conclusions


Spectral analysis techniques proved to be very useful tools when evaluating the influence of different climate patterns on the regional meteorology and climate of Cordillera Blanca. The common periodicities found, both in the meteorological records and in the records of the different patterns, could be indicative of contemporaneity and joint occurrence. This joint influence allows comparisons to be made for climate variability.



The present study revealed several main periodicities in the climatic records of Cordillera Blanca, counting those of 122, 182, and 365 days. The first cycle (122 days), could come from the influence of the SALLJ and the Humboldt Current, while the second cycle (182 days), would correspond to the periodicity of the displacement towards the south of the ITCZ. The 365-day cycle, the most powerful in all the records, could be due to a joint influence of the ENSO and SST episodes, phenomena that would also be related to each other.



The present work also revealed possible direct and indirect relationships between the MJO–SALLJ systems and the intra- and interseasonal scale periodicities of precipitation and temperature variables. In periodicities with an interannual scale, the main influences could be the ENSO phenomena, influenced by solar activity, as well as the displacement of the ITCZ in the meteorological periodicity of 3 years. Interdecadal cycles could be influenced by PDO and sunspot cycles.



Some issues need to be taken into consideration, especially considering that analyses here made are over different sources with different time scales. Additionally, some of the climate pattern indexes here analyzed are not renewed from years ago or are not in enough time resolution to show further periodicities.



Further analysis has to be made in other climate patterns, such as the Bolivian High, Caribbean Low-Level Jet, and Chocó Low-Level Jet, revealing the periodicity of these phenomena due to the lack of long enough data series. Knowing the periodicities of these climate patterns and comparing them with the cycles found in the meteorological series could shed light to the possible influence and teleconnections with Cordillera Blanca climate.
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Figure 1. Location of the weather stations of Cordillera Blanca and surrounding areas. 
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Figure 2. Results for the spectral analysis of each variable and each weather station. 
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Figure 3. Spectral analysis of the ONI index for the period 1950–2019 on a monthly scale. The red line represents the variability of the spectral power, while the blue line represents the minimum value of significance P0.01 (12.06), and the purple line the minimum value of P0.05 (10.43). 
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Figure 4. Spectral analysis of the sea surface temperature for the period 1982–2019 on a monthly scale. The red line represents the variability of the spectral power, while the blue line represents the minimum value of significance P0.01 (11.48) and the purple line represents the minimum value of P0.05 (9.84). 
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Figure 5. Spectral analysis of the chlorophyll content of the Humboldt Current (intensity) for the period 1997–2017 on a monthly scale. The red line represents the variability of the spectral power, while the blue line represents the minimum value of significance P0.01 (11.11) and the purple line represents the minimum value of P0.05 (9.48). 
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Figure 6. Spectral analysis of the latitudinal shifts of the ITCZ for the period 1979–2005 on a quarterly scale. The red line represents the variability of the spectral power, while the blue line represents the minimum value of significance P0.01 (10.39) and the purple line represents the minimum value of P0.05 (8.75). 






Figure 6. Spectral analysis of the latitudinal shifts of the ITCZ for the period 1979–2005 on a quarterly scale. The red line represents the variability of the spectral power, while the blue line represents the minimum value of significance P0.01 (10.39) and the purple line represents the minimum value of P0.05 (8.75).



[image: Atmosphere 13 02107 g006]







[image: Atmosphere 13 02107 g007 550] 





Figure 7. Spectral analysis of the SALLJ intensity for the period 1979–2018 at its own scale in which 37 values correspond to one month. The red line represents the variability of the spectral power, while the blue line represents the minimum value of significance P0.01 (11.4), and the purple line represents the minimum value of P0.05 (9.6). 
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Figure 8. Spectral analysis of the Madden Julian Oscillation for the period 1979–2021 on a daily scale. Red line represents spectral power, P 0.01 (blue line) in 14.9 and P0.05 (purple line) in 13.3. 
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Figure 9. Spectral analysis of the OLR for the period 1999–2014 on a daily scale. P 0.01 (red line) in value 10.7 and P0.05 (purple line) in 9.1. 
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Table 1. Weather stations used in the present study.
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	Weather Stations
	Chosen Period
	Variable
	Altitude (m.a.s.l)





	Aija
	1999–2019
	P., Max. T, Min.T.
	3478



	Cachicadan
	1986–2019
	P., Max. T, Min.T.
	2885



	Cajamarca
	1986–2019
	P., Max. T, Min.T.
	2686



	Cajatambo
	1990–2019
	P., Max. T, Min.T.
	3405



	Casapalca
	1987–2019
	Precipitation
	4924



	Carhuaz
	1986–2016
	P., Max. T, Min.T.
	2644



	Chavín
	2000–2019
	P., Max. T, Min.T.
	3132



	Chiquián
	1986–2019
	P., Max. T, Min.T.
	3412



	Dos de Mayo
	2000–2019
	P., Max. T, Min.T.
	3474



	Huamachuco
	1986–2019
	P., Max. T, Min.T.
	3178



	Huánuco
	1986–2019
	P., Max. T, Min.T.
	1918



	Matucana
	1986–2019
	P., Max. T, Min.T.
	2417



	Oyón
	1986–2019
	P., Max. T, Min.T.
	3663



	Pomabamba
	1989–2019
	P., Max. T, Min.T.
	2975



	A. Weberbahuer
	1986–2019
	P., Max. T, Min.T.
	2666



	Huaraz
	1998–2019
	P., Max. T, Min.T.
	3071



	Recuay
	1986–2019
	P., Max. T, Min.T.
	3417







Precipitation (P), Maximum Temperature (Max. T), and Minimum Temperature (Min. T).
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Table 2. Indexes and description of the main climate pattern indexes used in the study comparison. Region of the data and source are also shown.
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	Index
	Region
	Period





	ONI Index (ENSO) [41]
	Equatorial Pacific
	1950–2021



	SST Index [42]
	El Niño 1 + 2
	1982–2021



	Humboldt Current [43]
	7–9° S latitude
	1997–2017



	ITCZ displacement [44]
	90–60° W longitude
	1979–2005



	Outgoing Longwave Radiation [45]
	Peruvian Andes
	1999–2014



	Bolivian High [46]
	Bolivia
	1979–2014



	SALLJ [47]
	Eastern Andes
	1979–2018



	Chocó LLJ [48]
	Colombia North
	1978–2010



	Caribbean LLJ [44]
	Caribbean Sea
	1979–2010



	MJO Index [49]
	40° W longitude
	1979–2021
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Table 3. Identified periodicities for each meteorological variable in an intraseason, interseason, and annual scales.
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	Variable
	Intraseasonal
	Intraseasonal
	Intraseasonal
	Interseasonal
	Interseasonal
	Annual





	Maximum T.
	27–30 days
	46–52 days
	90 days
	122 days
	182 days
	365 days



	Minimum T.
	27–30 days
	46–52 days
	90 days
	122 days
	182 days
	365 days



	Precipitation
	No period
	46–52 days
	90 days
	122 days
	182 days
	365 days
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Table 4. Identified periodicities for each meteorological variable in interannual and interdecadal scales.
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	Variable
	Interannual
	Interannual
	Interannual
	Interannual
	Interannual
	Interannual
	Interdec.
	Interdec.





	Maximum T.
	1 yr 3 m.
	1 yr 6 m.
	1 yr 9 m.
	3 yr
	4 yr 6 m
	5.6–7 yr
	11–12 yr
	14–18 yr



	Minimum T.
	1 yr 3 m.
	1 yr 6 m.
	1 yr 9 m.
	3 yr
	4 yr 6 m
	5.6–7 yr
	11–12 yr
	No period



	Precipitation
	No period
	1 yr 3 m.
	1 yr 9 m.
	No period
	No period
	5.6–7 yr
	11–12 yr
	14–18 yr







“T” means temperature, “m” means months, “yr” means year, and “interdec” means interdecadal.
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