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Abstract

:

This study aims to explore the contrasting characteristics of large-scale circulation that led to the precipitation anomalies over the northern parts of Sumatra Island. Further, the impact of varying the Asian–Australian Monsoon (AAM) was investigated for triggering the precipitation variability over the study area. The moisture budget analysis was applied to quantify the most dominant component that induces precipitation variability during the JJA (June, July, and August) period. Then, the composite analysis and statistical approach were applied to confirm the result of the moisture budget. Using the European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Anaysis Interim (ERA-Interim) from 1981 to 2016, we identified 9 (nine) dry and 6 (six) wet years based on precipitation anomalies, respectively. The dry years (wet years) anomalies over the study area were mostly supported by downward (upward) vertical velocity anomaly instead of other variables such as specific humidity, horizontal velocity, and evaporation. In the dry years (wet years), there is a strengthening (weakening) of the descent motion, which triggers a reduction (increase) of convection over the study area. The overall downward (upward) motion of westerly (easterly) winds appears to suppress (support) the convection and lead to negative (positive) precipitation anomaly in the whole region but with the largest anomaly over northern parts of Sumatra. The AAM variability proven has a significant role in the precipitation variability over the study area. A teleconnection between the AAM and other global circulations implies the precipitation variability over the northern part of Sumatra Island as a regional phenomenon. The large-scale tropical circulation is possibly related to the PWC modulation (Pacific Walker Circulation).
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1. Introduction


Understanding of the mechanism causing precipitation variability is crucial for a comprehensive investigation of the hydrologic cycle [1]. The study about precipitation over the tropical western Pacific and the eastern Indian Ocean is essential because the Indonesian Maritime Continent (IMC) is called the world’s convection center or the region of maximum precipitation on Earth [2,3]). Considering the vast quantities of precipitation, a thorough study focusing on the driving mechanism of precipitation variability over the Indonesian archipelago would significantly contribute to understanding the IMC’s climate system. Several studies have been done related to the precipitation variability over the Indonesian region and its relation to large-scale climatic phenomena such as El Niño–Southern Oscillation (ENSO) [4,5] and monsoon [6]. In Indonesia, most of the study about precipitation variability only focuses on Java Island due to limited observation data in other Islands [7,8,9]. The scarcity of observation data in other Islands in Indonesia is related to limited weather stations, which cannot cover all the Indonesia’s islands. A detailed study about the mechanism of precipitation variability was rarely conducted in Sumatra Island, especially in the northern parts of the island.



In general, the annual precipitation of the northern parts of Sumatra Island (north of the equator) is higher than the southern parts of Sumatra Island, except Sumatra’s west coast [10]. This condition occurs because the precipitation over the southern part of Sumatra Island is also affected by the impact of El-Niño on weakening the northwesterly monsoon [7,8]. Moreover, higher precipitation on the west coast of Sumatra Island is due to the ascent along the near-coast hills and the seaward-propagating orographically-induced convective systems [4,11]. Nocturnal precipitation activity occurs along the west coast of the Sumatra Islands [10,12]. On the west coast of Sumatra Island, sea breeze plays a significant role in forming inland precipitation during the daytime, while land breeze plays a major role in developing offshore precipitation at night until morning time. The development of rainfall begins inland when the sea breeze has intense wind speed. Because solar radiation heats the islands more effectively than the seas, sea breezes are initiated. Precipitation formed over the inland area and is further enhanced by the topographic effect [12].



Extreme precipitation events and flooding that cause damaging impacts on agriculture and water resources occur in this area frequently. Based on Indonesia’s disaster database, flooding is a natural disaster that frequently happens in Sumatra’s northern parts [13]. There were 471 flooding events recorded between 1981 and 2016, and of these events, about 10 percent occurred during the dry season of the JJA (June, July, and August) period (Figure 1). The northern parts of Sumatra are classified as the semi-monsoonal region, which has two rain seasons during March–April–May [14] and September–October–November (SON) [3]. Based on the Principal Component Analysis (PCA) and clustering method, the area at the west coast of Aceh in northern parts of Sumatra, is classified as the “No-Seasonal Zone” (No-ZoM), meaning that high precipitation can happen even in the dry (wet) months [15]. Furthermore, most of the Indonesia region has experienced a decreasing trend in precipitation during the JJA periods, except the northern parts of Sumatra Island [16]. Considering the higher variability and complexity in precipitation, a comprehensive study would benefit both the scientific and application purposes in that area.



Generally, the zonal and meridional circulations cause atmospheric dynamics variation in the equatorial Indonesian Maritime Continent [3,16]. The meridional circulation has a connection to the cross-equatorial circulation of the monsoon as Hadley cell (the lateral monsoon), especially the Indian Summer Monsoon (IM) and the East-Asian Summer Monsoon (EASM) [17,18,19]. The EASM and the Australian Monsoon (AM) of the Southern Hemisphere (SH) triggers an Asian–Australian Monsoon (AAM) system on the seasonal time scale [20]. In addition to these circulations, the Indonesian Maritime Continent is also affected by the local circulation phenomenon. In general, the zonal circulation has a strong relationship with ENSO and the Indian Dipole Mode (IOD). Many studies have shown that the AAM also has a close link to the interannual variability of the tropical ocean-atmosphere system, particularly the El Niño–Southern Oscillation (ENSO) phenomenon [18,21]. To further understand the precipitation variability in northern parts of Sumatra during the dry season, studies have been conducted to explore the relative impact of zonal and meridional circulations in JJA when the southwest monsoon prevails. Harijono et al. (2007) confirmed that the Indian Summer Monsoon has an essential role in the precipitation budget of the northern parts of Sumatra Island [16]. ISM compensated for the reduction effects of El-Niño and IOD (+) on the JJA period. Akbar (2014) found that IOD has a more siginificant impact than ENSO for the precipitation anomaly in the northern parts of Sumatra Island [22]. Akbar (2014) also indicated that El-Niño and La-Nina has a role in decreasing (increasing) precipitation in the study area [22].



The AAM has an important role over Indonesia because it can decrease westward zonal wind and develop westerly wave propagation [23,24]. According to the climatological mean fields of low-level winds at 850 hPa during JJA, the AAM usually appears over the domain between 30° S–40° E and 60° E–160° E, including the Sumatra Island [25]. As the background flow, the AAM is significantly inducing the precipitation anomalies over the Sumatra Island. The strong precipitation variability in the AAM domain show significant regional differences and depend on the seasonal march and evolution of ENSO [26]. Moreover, the Indo-Pacific warm pool (IPWP), Indian Warm Pool (IWP), and Pacific Warm Pool (PWP) are the source of heat energy and water vapor over deep convection, which leads to intense air-sea interactions [27]. Thus, the interaction between monsoon and warm pools is another crucial factor that controls the AAM variations [26]. In this study, the impact of teleconnection between the AAM and global atmosphere circulations will be investigated for explaining the precipitation anomaly over the northern parts of Sumatra Island.



The moisture budget equation constrains the linkage between atmospheric dynamics, water vapor, and precipitation. Thus the moisture budget analysis is a powerful approach for studying the processes that generate precipitation anomalies [28,29]. The moisture budget is based upon the moisture transport in the atmosphere, including evaporation, horizontal moisture advection, moisture convergence, and precipitation [30,31]. Regional precipitation variability is balanced by local evaporation and moisture transport on a seasonal mean time scale [32,33], and the moisture budget has been used to understand the processes that control precipitation variability [34]. Interestingly, this approach has never been made for studying the precipitation variability in Sumatra Island, especially for the northern parts of Sumatra Island. Hence, the objective of this study’s objective is to explore the contrasting characteristics of large-scale circulation during Boreal Summer that led to the precipitation anomalies over the northern parts of Sumatra Island in dry/wet JJA. The study can contribute to fill the knowledge gap about the driving mechanism of precipitation variability in the northern parts of Sumatra Island, Indonesia.



This paper consists of four sections. The first section explains the historical background, which mainly describes the research background, global climate pattern of Sumatra Island, and the AAM role during summer periods that affect the precipitation variability in the northern parts of Sumatra Island. Further, a brief introduction to moisture budget analysis is provided in this section. The second section contains the data and method used during the study. The third section elaborated the validation of the precipitation data of ERA-Interim, the result calculation of moisture budget for the classified dry/wet years, and confirmed the budgeting by using composite analysis and previous studies. The fourth section is the conclusions, which compiles the previous three sections’ findings and recommendations for further studies.




2. Data and Methods


2.1. Study Area


The northern part of Sumatra Island (or the Aceh province) is located between 95° E–98° E and 20° N–60° N (Figure 1). The area of the Aceh Province is about 58,377 km2. It is located southeast of the Andaman and Nicobar Islands, India, separated by the Andaman Sea, and to the west of the Malaysian Peninsula, separated by the Strait of Malacca. Aceh is also bordered by the Bay of Bengal and the Indian Ocean in the northwest and the west. This region’s topography is characterized by the high-rising topography of the Bukit Barisan Mountains, with the highest elevation at 3782 m above means sea level. Because of the land-sea contrast and the high topography, northern parts of Sumatra have complexity in climate profile [16,22]. The rainy season usually comes during MAM and SON, while the dry season always occurs during DJF and JJA [3]. The southeast monsoon prevails in JJA, while the northwest monsoon occurs in December–January–February (DJF) [35]. The transition between monsoons occurs during March–April–May and September–October–November (SON) [14].




2.2. Data


The monthly reanalysis data of ERA-Interim from the European Centre for Medium-Range Weather Forecasts (ECMWF) from 1981 to 2016 (36 years) were used for diagnostics. The spatial resolution is 0.1250 degrees. There were five (5) rain gauge stations in the study area, but they have different data periods and many empty data. We analyzed the precipitation data in ERA-interim for data consistency, which validated against rain gauge data and Climate Hazards Group InfraRed Precipitation with Station data (CHIRPS). CHIRPS provides precipitation estimates based on rain gauge and satellite observations [36]. In a Bali Island’s study with a similar topography profile to Sumatra Island, CHIRPS precipitation estimates have been well-validated against the rain gauge observation [37].



In addition to the daily total precipitation (m/day) and surface latent heat flux (J/m2) as evaporation data, other ERA-Interim data used in this research, such as the specific humidity (kg/kg), u and v of horizontal winds (m/s), and vertical velocity (Pa/s) in pressure coordinates. The Extended Reconstructed Sea Surface Temperature (ERSST in °C), the Outgoing Longwave Radiation (OLR in W/m2) and Sea Level Pressure (SLP in mb) were provided by the National Oceanic and Atmospheric Administration [38] Physical Sciences Laboratory [38], Boulder, Colorado, USA, retrieved from https://psl.noaa.gov/ [38]. We also used the Shuttle Radar Topography Mission (SRTM) topography data, which has 30 m of spatial resolution.




2.3. Methods


In general, most of the processing data in this study was done by utilizing the NCAR Command Language (NCL) [34]. In this study, we divided the methods into five steps. The first step is a spatial analysis of precipitation variability in the Indonesian region, focusing on Sumatra Island. In this part, we conducted a composite analysis based on 36 years of ERA-Interim data, such as precipitation data, horizontal winds, and specific humidity (i.e., inter-annual). Comparison between the ERA-Interim, rain gauge data, and CHIRPS was conducted to validate the ERA-Interim precipitation data. It is proven to be difficult to directly compare the area-mean precipitation from (ERA-interim, CHIRPS) and the 3-station average. Nevertheless, that was one of the possible approaches considering the limited observation in northern Sumatra. This study focused on the statistical characteristics, and the significant correlation coefficients among three data sets suggest the usefulness of ERA-interim precipitation for a study in this data-scarce region.



The second step is to identify the dry/wet years from 36 JJAs based on the definition of “dry” and “wet” year by National Climatic Data Center–NCDC (2011). The normalized precipitation anomaly was calculated based on the average of JJA’s period, and then it was normalized by the standard deviation of JJA’s ERA-Interim precipitation data from 1981 to 2016. The “dry” years are those with the normalized precipitation that is one standard deviation below the 30-year mean, while the “wet” years are those with the normalized precipitation above one standard deviation [39]. This study took a 0.8 standard deviation as the threshold to obtain more events for compositing purposes.



The third step is applying the Student’s t-test to identify the statistically significant anomalies in both dry and wet years. The t-test assumes the null hypothesis that the sample means are from the same population (i.e., H0: ave1 = ave2), where Ave1 represents the climatological of precipitation and Ave2 represents the averages of the dry and wet years. By contrast, the rejection of the null hypothesis implies that the sample means two different populations.



The fourth step is designed for understanding the main mechanism that induces the precipitation anomalies. We conducted the vertically integrated moisture budget analysis following Chou et al. (2009) [40]:


   P ′  = − 〈  ω ¯   ∂ p   q ′  〉 − 〈  ω ′   ∂ p   q ¯  〉 −   〈 v . ∇ q 〉  ′  +  E ′  + r e s i d u a l _ q  



(1)






   P ′  = − 〈  ω ¯   ∂ p   q ′  〉 − 〈  ω ′   ∂ p   q ¯  〉 − 〈  v ¯  . ∇  q ′  〉 − 〈  v ′  . ∇  q ¯  〉 +  E ′  + r e s i d u a l _ q  



(2)




where (    ¯   ) denotes climatological mean, which is defined as the mean over 1981–2016. Here (’) represents the departure from the climatological mean. E is evaporation,  ω  is vertical pressure velocity,  v  is horizontal velocity,  q  is specific humidity and   r e s i d u a l _ q  . The last term (  r e s i d u a l _ q  ) represents the contributions of nonlinear transient eddies, which are generally not part of the physical solution because their magnitudes are much smaller compared to the other terms. There are five terms in the moisture budget, as shown in Equation (1). In (1), precipitation anomalies are roughly balanced by the anomalous vertical moisture transport associated with a mean (  ω ¯  ) and anomalous (  ω ′  ) vertical motion, horizontal moisture transport anomalies, evaporation anomalies, and   r e s i d u a l _ q   term that includes transient and nonlinear terms (relatively small and often neglected) (Figure 1). Each of the terms is converted to the energy units by absorbing the latent heat per unit mass. The P is precipitation in energy units (W/m2), divided by 28 to become mm/day [40]. The vertical integral from 1000 to 300 hPa is computed in this study. Vertical integral 〈 〉 denotes a mass integration from 1000 to 300 hPa:


  〈 X 〉 =  g  − 1       ∫   1000   300   X d p  



(3)




where  g  is gravity. Chou et al. (2009) seemed to include all levels in the data set they used. Various upper limits have been chosen in previous studies, e.g., 100 hPa in Liu et al., (2018) and 300 hPa in Jongaramrungruang et al., (2017) [41,42]. The uncertainty of measured moisture is relatively considerable in the upper troposphere, especially near the tropopause [43]. We, therefore, decided to integrate up to 300 hPa. On the other hand, the results are essentially the same, whether integrated to 300 hPa or 30 hPa, because the moisture in the upper troposphere and lower stratosphere is relatively minimal.



In the fifth step, we determined the velocity potential. In the fifth step, we determined the velocity potential. The upper-tropospheric velocity potential can represent the large-scale upward motion related to the outgoing longwave radiation (OLR) and precipitation [11]. In principle, the tropical wind field has information about the synoptic conditions instead of the geopotential height or pressure field. A theorem of Helmholtz states that any wind velocity field can be divided into a nondivergent part   (  V ψ  )   and an irrotational part   (  V e  )  , where   ∇ ·    V ψ  = 0   and     ∇ ×    V e  = 0  . The two components can be further derived into variables that represent for tropical weather analysis, the stream function (  ψ )   and and velocity potential. For a two-dimensional velocity field, the non-divergent part can be expressed in terms of a stream function    ( ψ )    defined by letting in Cartesian components as


   u ψ  =   ∂ ψ   ∂ y    



(4)






     v   ψ  = −   ∂ ψ   ∂ x    



(5)







Velocity potential is an indicator to comprehend the irrotational (divergent) flows in the atmosphere. It is a scalar field that describes the quantity of divergent parts of the horizontal velocity field.


   u ϕ  =     ∂ ϕ   ∂ x    



(6)






   v ϕ  =   ∂ ϕ   ∂ y      



(7)







Velocity potential and stream function are clearly appearing at the equator, which is very powerful for model initialization in tropical regions. Since velocity potential is proportional to divergence, then it can be applied to track regions where convection is enhanced [11]. Furthermore, velocity potential can easily be used to determine the large-scale horizontal convergence or divergence [27]. For calculating the velocity potential and stream function, we used the  u  and  v  component of horizontal wind and  q  specific humidity from ERA-Interim. First, we calculated the stream function and velocity potential (“uv2sfvpf” function in NCL). Second, we determined the divergence wind components (“uv2dvf” function in NCL).





3. Results and Discussion


3.1. Precipitation of Northern Parts of Indonesia Based on ERA-Interim


The climatological mean and standard deviation of precipitation (mm/month) during JJA from 1981 to 2016 based on ERA-Interim can be seen in Figure 2a. Note that JJA is the dry season in Sumatra Island, and the precipitation seen in Figure 2a is the lowest in the whole year. This condition is due to the seasonal northward movement of the Asian–Australian monsoon system and the Intertropical Convergence Zone (ITCZ). Nevertheless, the high standard deviation of precipitation can be found over the northern part of Sumatra Island except the very northern tip, where complex terrain is located (Figure 1 and Figure 2b). Because the standard deviation represents the estimated interannual-varying range around the average, a higher standard deviation implies higher temporal variability of precipitation in the area (Figure 2b).



The major purpose of this study is to understand the linkage between local precipitation and the surrounding large-scale circulation, and most importantly, the moisture budget. It is, therefore, sensible to use the ERA-Interim precipitation for consistency, especially in the calculation of moisture budget. Pearson’s correlation was applied to check the consistency between monthly ERA-Interim (CHIRPS) precipitation and from the measurement from 3 rain gauges during JJA (Figure 3). The correlation coefficient (r) between observation and ERA-Interim (CHIRPS) shows a strong positive correlation of 0.68 (0.78). The result is consistent with the previous study that ERA-Interim is close to the observation data [44]. Several previous studies also proved a strong relationship between ERA-interim analysis and observations [45]. We conclude that ERA-Interim can be used as alternative precipitation data to represent the real observation data in the northern parts of Sumatra Island.



The climatology of precipitation for JJA between observation in two stations (Meulaboh and Lhokseumawe), CHIRPS, and ERA-Interim can be seen in Figure 4. In this study, the Meulaboh station (green circle) is located on the western coast of the study area, and the Lhokseumawe station (yellow circle) is located on the eastern coast of the study area (Figure 4). Based on the JJA climatology, the western part of the study area has higher average precipitation than the eastern part of the study area due to the mountainous orographic effects in Sumatra Island [44]. Based on CHIRPS, the JJA precipitation during 1981–2016 in the western and eastern stations ranges from 150 to 175 mm and 70 to 110 mm, respectively. Furthermore, the precipitation of JJA using ERA-Interim at the western and eastern stations ranges from 175 to 200 mm and 70 to 110 mm, respectively. The climatological-mean precipitation of JJA based on CHIRPS and ERA-Interim are also comparable, as shown in Figure 4. Although both gridded precipitation data underestimate the rain gauge (observation) values, they realistically represent the precipitation contrast between western and eastern Sumatra. In summary, the ERA-Interim precipitation product has a realistic temporal and spatial representation compared with precipitation observations on a monthly scale, although it has an average of 19–30% underestimation for monthly precipitation [45,46].




3.2. Precipitation Variability over Northern Parts of Sumatra Island


In this research, JJA precipitation anomalies (from 1981 to 2016) are classified into wet and dry years, as discussed in Section 2. Based on the precipitation anomaly in JJA, six wet (1988, 1995, 1996, 1998, 2008, and 2015) and nine dry (1981, 1985, 2000, 2001, 2004, 2005, 2006, 2011, and 2012) years were identified, respectively. Figure 5 reveals that the anomaly during the wet years tends to be larger than in dry years. This anomaly is relevant because most of the flooding disasters occur during JJA due to extreme precipitation in this climatologically dry season.



During the dry years, significant negative anomalies were seen in the equatorial Indian Ocean between 90° E and 110° E (including the study area), the South China Sea (SCS), and the Celebes Sea, whereas positive anomalies were observed in the Philippine Sea (Figure 6a). In Sumatra Island, the negative precipitation anomaly appears in the northern part of the island (i.e., the Aceh province). In the wet years, the t-test shows positive anomalies over the Indian Ocean, the study area, and most parts of the Maritime continent (Figure 6b). By contrast, a band of significant negative anomalies was located in the north, spreading eastward from the Indochina Peninsula to the Philippine Sea. We can notice a reversed precipitation anomaly between Indonesia and the Philippines Sea in both dry and wet years.



As the background flow in JJA, the dry air from the winter continent (Australia) flows across the Equator toward the Northern Hemisphere (Figure 7a) [46]. In the dry years, the anomalous westerly wind appears over the Bay of Bengal and extends eastward to merge with the Philippines Sea’s cyclonic anomalies (Figure 7b). A southwesterly anomaly is observed over the tropical eastern Indian Ocean to the west of northern Sumatra. These anomalous circulations are parts of the anomalous cyclonic circulation prevailing over the Indochina Peninsula, the SCS, and the Philippine Sea. Meanwhile, in the wet years, a strong anomalous anticyclonic circulation covers South Asia, the Indochina Peninsular, and the Philippine Sea, with easterly anomalies stronger than the long-term westerly flow prevailing from the tropical western Pacific to the tropical Ocean (Figure 7c). Note that the wind anomalies are much more robust in the wet years than in the dry years. A comparison of the circulation anomalies presented above reveals a close relationship between the Asian Summer monsoon and precipitation in northern Sumatra in inter-annual time scale. An enhanced and weakened Asian summer monsoon trough appears in the dry and wet years, respectively.



The anomalous circulations in the dry and wet years are generally associated with cooler and warmer SST in the region, respectively. In the equatorial central Pacific, a La Niña-like negative SST anomaly (SSTA) is evident in the wet years, whereas a weak positive SST anomaly is seen in the dry years. ERA-Interim circulation and SST anomalies in the dry and wet years are consistent with the understanding that positive and negative SSTA in the equatorial eastern Pacific can respectively induce cyclonic and anticyclonic anomalies in the western North Pacific [47,48]. As for the SSTA in the western Pacific and the eastern Indian Ocean, the positive SST anomalies in the wet years could provide more moisture to the easterly anomalies that transport moister air to the study area.



Jiang and Li (2017) found that orographic lifting is the primary forcing for the anomalous vertical motion over the Maritime Continent (MC) [49]. To describe the mountain lifting effect clearly, we plotted the zonal-vertical cross-section of zonal overturning circulation averaged over a latitude band (4° N–5° N) (Figure 8). Based on the climatology of the cross-section of meridionally-averaged horizontal wind in Figure 7a, the westerly winds appear as the background flows supported by the Asian-Australian Monsoon (Figure 8a). It is clearly observed that the mountain ridge on the west coast of Sumatra is located around 96° E–99° E (Figure 1). The low-level westerly winds encounter the mountain ranges and are raised on the windward side. The ascending motion is around the mountain top, and the convection-circulation-moisture feedback related to the lifting would enhance the precipitation along the coast [50]. A branch of descending motion is observed over the top and leeward side of the mountains in the east, followed by a region of ascending motion further to the east over the eastern coast of northern Sumatra (Figure 8a). Evidently, the overall zonal overturning circulation (westerly in the lower troposphere, easterly in the upper troposphere, and upward motion in between) is disrupted by the mountain ranges in northern Sumatra, which creates a relatively dry region over the mountains (Figure 8a).



The anomalous overturning circulation in the dry years shown in Figure 8b is characterized by the subsiding westerly anomalies throughout the domain, particularly strong subsidence anomaly over northern Sumatra. The overall downward motion of anomalous westerly wind appears to suppress the convection and lead to negative precipitation anomaly in the whole region but with the largest anomaly over northern parts of Sumatra (Figure 2a). By contrast, in the wet years, strong easterly wind anomalies prevail in the entire domain, and strong anomalous upward motion occurs over northern Sumatra (Figure 8c). This anomalous circulation explains the appearance of positive precipitation anomalies over the equatorial belt in the region and the enhanced precipitation over northern Sumatra (Figure 2b). The stronger easterly wind during the wet years is caused by the "orographic effect" of the wind, which the first ascent by the highest elevation of Peninsula Malaysia to Sumatra Island.




3.3. Moisture Budget Analysis


In this research, we investigated the moisture budget associated with wet and dry JJAs following the formulation in Chou et al., (2009a) and Chou et al., (2009b) [31,44]. The domain for calculating the moisture budget is 2° N to 6° N and 95° E to 98° E (Figure 1). The vertical integral from 1000 to 300 hPa is computed in this study.



3.3.1. The Dry Years


During the dry JJA, the study area was characterized by a negative precipitation anomaly and an anomalously descending zone as shown in Figure 2a and Figure 8b. The vertical moisture transport associated with anomalous vertical motion,    − 〈  ω ′   ∂ p   q ¯  〉    that is significantly less than zero, is the dominant term that balances negative precipitation anomaly (Figure 9). Because the vertical gradient term of climatological-mean specific humidity in pressure coordinate is positive, negative   − 〈  ω ′   ∂ p   q ¯  〉   implies reduced upward motion (descending anomaly) over these areas, so the associated convection is weakened during the dry years (Figure 9).



Other terms such as horizontal moisture advections   − 〈  v ¯  .   ∇  q ′  〉   and   − 〈  v ′  .   ∇  q ¯  〉  ,   − 〈    ω ¯   ∂ p   q ′  〉  , and evaporation anomaly E’ are all positive but with much smaller magnitudes. The residual term in the moisture budget is positive but small (not shown). In summary, the negative precipitation anomaly is mainly balanced by the dynamic process via   − 〈  ω ′   ∂ p   q ¯  〉  , which implies the weakening of tropical convection and the corresponding circulation [29,49]. We further examined the spatial distribution of   − 〈  ω ′   ∂ p   q ¯  〉   surrounding the study area (Figure 10a). For brevity, most parts of the Sumatra Island are associated with negative   − 〈  ω ′   ∂ p   q ¯  〉 .   A strong negative anomaly of   − 〈  ω ′   ∂ p   q ¯  〉   is noticed over the study area, consistent with the local negative precipitation anomaly in the study region. Furthermore, there is an agreement between the pattern of the anomaly of   − 〈  ω ′   ∂ p   q ¯  〉   and the anomaly of vertical velocity (   ω ′   ) (Figure 10b). It again reflects that the negative precipitation anomaly is caused by weakened upward motions over these areas.



To investigate the convective activity, we presented the OLR anomaly, which can describe the large scale of the convection process over the study area [27]. In the tropics, the annual average of OLR distribution is mostly affected by the cloudiness and has a strong negative correlation with precipitation [50]. Positive OLR anomalies indicate suppressed convection and drier conditions, and negative OLR anomalies represent enhanced precipitation [51]. In principle, the positive (negative) of OLR anomalies refer to the decrease (increase) of cloud cover due to suppressed (enhanced) convections. The OLR anomalies shown in Figure 11 yield a clearer picture revealing a large-scale pattern that is characterized by stronger (weaker) convection in the western Pacific and weaker (stronger) convection in the eastern tropical Indian Ocean and the western Maritime Continent. This pattern suggests that the dryness in northern Sumatra is not a regional phenomenon; instead it is related to the variation in the large-scale tropical circulation. Interannual variability of the Pacific Walker Circulation (PWC) has an important role in those ENSO, monsoonal circulation, and precipitation over adjacent continents [52]. The easterlies (westerlies) wind anomalous at 850 hPa can be used as one of the indicators of strengthening (weakening) Walker circulation [53]. During the dry years, the anomalous westerly wind came from the western to central Pacific, implying the weaken of the PWC (Figure 7b and Figure 8b). For the wet years, the anomalous easterly wind has appeared over the equatorial Pacific, which refers to the enhanced of the PWC (Figure 7c and Figure 8c).




3.3.2. The Wet Years


In the wet years, a positive precipitation anomaly is identified. Based on the moisture budget, the positive precipitation anomalies are mainly associated with   − 〈  ω ′   ∂ p   q ¯  〉  , which is positive and much larger than other terms (Figure 12). Although the residual term is larger than in the dry JJA, as reflected in the larger difference between   − 〈  ω ′   ∂ p   q ¯  〉   and the precipitation term, the vertical advection term by the anomalously upward motion appears to be the main physical process leading to the more extensive precipitation. The spatial patterns of   〈  ω ′   ∂ p   q ¯  〉   shown in Figure 10b,d again demonstrate the close correspondence with anomalous upward motions. The upward motion anomaly is consistent with the negative OLR anomalies in the study region, as shown in Figure 11b, which again reveals that the enhanced vertical motion and convection in the study region are part of the variation large-scale circulation associated convection that exhibits an east-west dipolar structure. It also suggests a strong seesaw connection between the Philippine Sea and the Maritime Continent/eastern Indian Ocean region covering the study area.



The figure below shows the Intertropical Convergence Zone (ITCZ) during JJA periods overlaid by the mean of Sea Level Pressure from 1981 to 2016 (Figure 13a). The shift of ITCZ from south to the north is linear to the low sea level pressure. Based on Figure 13b,c, most of the precipitation occurs over the Philippine Sea and Bay of Bengal, triggered by low sea level pressure around those locations.





3.4. Velocity Potential


Velocity potential and divergent wind anomalies at the upper-levels (300 hPa) and low-levels (850 hPa) of the troposphere are analyzed for the wet and dry years, and the results are presented in Figure 14. Note that the upper troposphere’s velocity potential tends to be of the opposite signs relative to the one in the lower troposphere. Figure 14 indicates that the dry and wet conditions are related to the fluctuation of a large-scale dipolar pattern. In the dry years, a sinking branch occurs over the eastern Indian Ocean in the dry years, and a rising branch appears in the Philippine Sea. In the wet years, a dipole with reversed polarity is found. The pattern is consistent with the OLR and precipitation pattern shown above. The existence of the divergence-convergence dipole would maintain the anomalous low-level circulations shown in Figure 7, which result in the westerly and easterly anomalies, respectively, in the dry and wet year over the surrounding region of northern Sumatra. The easterly anomalies lead to anomalous uplifting over the mountain area in northern Sumatra and enhance the precipitation, whereas the westerly anomalies suppress the lifting and reduce the precipitation.



The anomalous decreasing (increasing) precipitation during the dry years (wet years) was consistent with anomalous descending (ascending) motion of the 500 hPa omega anomaly, OLR anomaly, and 300 hPa velocity potential. In the context of large-scale circulations, the dry years (wet years over the study area are possibly related to the weakening (enhance) of the PWC. The weaken (strengthen) of PWC can be identified by the westerly winds anomaly (easterly wind) in 850 hPa of the horizontal wind. Based on the anomaly of SST over the Pacific Ocean in Figure 7b,c, the dry years were dominantly occurring during a positive anomaly of SST (El-Niño). In contrast, the wet years have a strong proxy of supporting a negative anomaly of SST (La-Nina). In addition, Kim et al., (2020) found that the modulation of PWC refers to the natural variability (warming/cooling/normal mode) of Indo-Pacific warm pool (IPWP), Indian Warm Pool (IWP), and Pacific Warm Pool (PWP) [27]. According to velocity potential in 300 hPa, the center of the sinking and the rising branch is closely linked to variability between IWP and PWP.





4. Conclusions


The contrasting characteristics of the circulation and moisture transport induce the precipitation anomalies during the dry/wet JJA in the northern parts of Sumatra Island. The spatial analysis (annual precipitation and inter-annual precipitation) and statistical approach show that the ERA-Interim precipitation can be used as the alternative data to represent observed precipitation in Sumatra’s northern parts. In JJA, the standard deviation of precipitation is higher in the northern parts of Sumatra Island than in other parts, implying the higher temporal variability of precipitation over the northern parts of Sumatra Island during JJA.



The dry years were mainly associated with a downward vertical velocity anomaly based on the circulation and moisture budget analysis. During the dry (wet) years, the vertical moisture transport is supported by the downward (upward) motion of anomalous vertical velocity, which is significantly less than zero. It implies the strengthened (weakened) descending motion, which prevails climatologically, and the negative (positive) precipitation anomaly over the study area during dry and wet JJAs (Table 1). Moreover, the moisture budget is dominated by   − 〈  ω ′   ∂ p   q ¯  〉   and anomalous vertical velocity (   ω ′   ), which again reflects that the negative (positive) precipitation anomaly is related to the weakened (strengthened) upward motion over the study area.



The anomalous overturning circulation in the dry years (wet years) is characterized by subsiding westerly (ascending easterly) anomalies throughout the domain. The overall downward (upward) motion of the anomalous westerly (easterly) winds appears to suppress (support) the convection and lead to negative (positive) precipitation anomaly in the whole region but with the largest anomaly over northern Sumatra. Based on the cross-section of zonal wind and vertical motion, the topography affects the Sumatra Island precipitation variability. Although the topography is fixed, the variation in prevailing flow (e.g., easterly vs. westerly anomalies) would result in marked interannual variability in precipitation around the topography.



During the boreal summer, the AAM variation is crucial for triggering the precipitation variability in the study area. A strengthen or weaken of the AAM has a strong relationship with the convection over the study area. The AAM, a westerly wind, is more dominant during the dry years. In contrast, the AAM becomes weaker during the wet years, and the easterly wind is more dominant during the wet years. Since a strong proxy of negative SSTA can be found during the wet years, the easterly wind anomaly is possibly supported by ENSO. In the context of large circulation, a teleconnection between AAM and other global circulations can be implied from this case.



Furthermore, a contrast of the large-scale convection pattern appears between the western Pacific and the tropical Indian Ocean, which implies that the fluctuation of wet/dry JJA in the northern parts of Sumatra is a regional phenomenon related to the variation in the large-scale tropical circulation over the Philippine Sea and the Maritime Continent/eastern Indian Ocean region. The large-scale tropical circulation is possibly related to the PWC modulation triggered by the natural variability of IPWP, IWP, and PWP. The dry years (wet years) refer to the weaken (strengthen) of PWC, which is represented by the westerly (easterly) anomaly of horizontal winds in 850 hPa.



Analysis of velocity potential, OLR, and precipitation reveals that the dry and wet conditions in northern parts of Sumatra Island are related to the fluctuation of a large-scale dipolar pattern. In the dry (wet) years, an anomalous sinking (rising) branch occurs over the Indian Ocean, and an anomalous rising (sinking) branch appears in the Philippine Sea. The presence of divergence-convergence dipole would support the low-level westerly and easterly anomalies crossing the SCS, the Indochina Peninsula, and the Bay of Bengal. Moreover, results in the dry and wet JJAs in northern parts of Sumatra, respectively. The easterly anomalies lead to anomalous uplifting over the mountain area in northern Sumatra and enhance the precipitation, whereas the westerly anomalies suppress the lifting and reduce the precipitation. A future investigation needs to confirm the influencing factors that drive the anomalous circulation and convection in the region.
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Figure 1. The study area and topography for the Northern parts of Sumatra Island (Aceh Province), Indonesia. 
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Figure 2. (a) Climatological mean and (b) standard deviation of precipitation (mm/month) during June, July, and August (JJA) from 1981 to 2016 based on ERA-Interim data. 
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Figure 3. Scatter plot and the Pearson’s correlation between observed precipitation (3 stations) and (a) CHIRPS and (b) ERA-Interim in JJA from 1981 to 2016. 
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Figure 4. Climatological-mean precipitation (mm/month) in JJA averaged over 1981–2016 based on; (a). CHIRPS; (b) ERA-Interim. Meulaboh (in the west part) and Lhokseumawe (in the east part) stations are marked by green and yellow circle, respectively. 
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Figure 5. Normalized precipitation anomaly index over the study area from 1981 to 2016 during JJA based on ERA-Interim. The red line (__) represent the range of 0.8 standard deviation. 
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Figure 6. Composites of precipitation anomaly (mm/month) in JJA: (a) dry years; (b) wet years. The precipitation anomaly significant at the 10% significance level is hatched. 
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Figure 7. Horizontal wind (850 hPa) (m/s) and Sea Surface Temperature (SST in °Celsius) in JJA from 1981 to 2016: (a). Climatological means, and anomalies in the (b). dry years and (c). wet years. 
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Figure 8. Longitude-pressure cross-section of zonal wind and vertical motion averaged over 4° N–5° N in JJA periods from 1981 to 2016: (a) climatological means and anomalies in the (b) dry years and (c) wet years. Brown shading marks the surface elevation over the study area. 
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Figure 9. Moisture budget analysis for the dry years over the land only including terrain correction in JJA periods from 1981 to 2016. The diagnosed domain is from 2° N to 6° N and from 95° E to 98° E. 
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Figure 10. (a). Moisture budget 2nd term   − 〈  ω ′   ∂ p   q ¯  〉   (W/m−2) and (c). vertical velocity (500 hPa) anomaly (Pa/s) in the dry years. (b). Moisture budget 2nd term   − 〈  ω ′   ∂ p   q ¯  〉   (W/m−2) and (d) vertical velocity (500 hPa) anomaly (Pa/s) in the wet years. 
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Figure 11. Outgoing Longwave Radiation (OLR) anomaly (W/m2) in JJA from 1981 to 2016: (a) the dry years, and (b) the wet years. 
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Figure 12. Moisture budget analysis for the wet years over the land only including terrain correction in JJA periods from 1981 to 2016. The diagnosed domain is from 2° N to 6° N and from 95° E to 98° E. 
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Figure 13. (a) Long-term mean sea-level pressure (mb) for JJA 1981–2016. (b) Average precipitation of JJA (mm) for the dry years. (c) Averages precipitation of JJA (mm) for the wet years. The red line represents the location of the Intertropical Convergence Zone (ITCZ), a region of relatively low pressure during summer. 
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Figure 14. Spatial distribution of velocity potential (shading, m2s−1) and divergent wind (the wind vectors, ms−1) anomaly fields at (a,b) 850 hPa and (c,d) 300 hPa during (a,c) the dry years and (b,d) the wet years. 
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Table 1. Relationship between precipitation anomaly and vertical velocity anomaly during JJA periods over the study area.
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Climatology (JJA)

	
Precipitation Anomaly (JJA)

	
Vertical Velocity Anomaly (JJA)






	
Descending zone

	
P’ < 0 (Dry Year)

	
  − 〈  ω ′   ∂ p   q ¯  〉   < 0 (strengthening of descent)




	
P’ > 0 (Wet Year)

	
  − 〈  ω ′   ∂ p   q ¯  〉   > 0 (weakening of descent)
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