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Abstract:

 This study investigates the characteristics and prediction of the Maritime Continent (MC) rainfall for the transitional periods between wet and dry seasons. Several observational data sets and the output from the 45-day hindcast by the U.S. National Centers for Environmental Prediction (NCEP) Climate Forecast System version 2 (CFSv2) are used. Results show that the MC experiences a sudden transition from wet season to dry season (WTD) around the 27th pentad, and a gradual transition from dry season to wet season (DTW) around the 59th pentad. Correspondingly, the westerlies over the equatorial Indian Ocean, the easterlies over the equatorial Pacific Ocean, and the Australia High become weaker, contributing to weakening of the convergence over the MC. The subtropical western Pacific high intensifies and extends northeastward during the WTD. The Mascarene High becomes weaker, an anomalous anticyclonic circulation forms over the northeast of the Philippines, and an anomalous low-level convergence occurs over the western MC during the DTW. The NCEP CFSv2 captures the major features of rainfall and related atmospheric circulation when forecast lead time is less than three weeks for WTD and two weeks for DTW. The model predicts a weaker amplitude of the changes in rainfall and related atmospheric circulation for both WTD and DTW as lead time increases.
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1. Introduction


The Maritime Continent (MC) is a “land bridge” connecting the continental areas of East/Southeast Asia and Australia, and it consists of multiple islands of Southeast Asia including Sumatra, Java, Borneo, and New Guinea and oceanic areas of the equatorial western Pacific [1,2,3,4,5,6,7]. The MC is located in the core of the strongest monsoon region of the world, and lies within the area of the warmest ocean which leads to large amounts of moist convection and heat release that favor rising motion over the region [7,8,9,10,11,12,13,14,15,16]. Thus, the MC plays an important role in variations of global climate [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31]. For example, latent heat release from rainfall or convective activity over the MC modulates the rainfall over East Asia through the Hadley cell, and favors tropical cyclone formation [2,23,24,26].



The annual cycle of rainfall over the MC features distinct dry and wet seasons, with asymmetric seasonal transitions [1,32,33,34,35,36,37,38]. Maximum convection gradually moves southeastward from the north of the MC to southern MC and northern Australia along the “land bridge” during the boreal fall, while it does not return to the north of the MC in the same way during the boreal spring [1]. The transition from wet season to dry season is very quick but the reverse process is relatively gradual. Chang et al. [1] proposed that this asymmetry was due to the mass distributions between the two transitional seasons and an asymmetric low-level divergence over the region. Matsumoto and Murakami [5,38] indicated that the cold surges during the boreal spring (originating from Australia) were weaker than those during the boreal fall (originating from East Asia), and the respective annual variations of the equatorial basic flows over the Indian Ocean and western Pacific contributed to this asymmetry.



The latent heat released from the rainfall over the MC is important for the maintenance of the Walker circulation and local Hadley circulation. Thus, the change in rainfall between the dry and wet seasons results in changes in local and remote rainfall and circulation. The onset of the Asian summer monsoon is characterized by an abrupt northward jump of the rainfall band over the equatorial MC [39]. Thus, understandings of the transition between dry and wet seasons over the MC provide insights into the onset of the Asian summer monsoon, among others. Besides, the timing of the transition between dry and wet is important for agricultural activity because of the large difference in rainfall between the dry and wet seasons. However, the transition between dry and wet seasons has received less attention compared to the diurnal cycle of rainfall, the interannual variation of rainfall in wet and dry seasons, and the interactions of MC rainfall with the Madden-Jullian Oscillation (MJO; intraseasonal) and El Niño-Southern Oscillation (ENSO; interannual). As a result, many features of the transition of MC rainfall between dry and wet seasons remain unclear.



Dynamical models now are very useful tools for weather and climate forecasts. However, realistic prediction of the MC rainfall is still a big challenge for dynamical models. Previous studies have revealed a robust dry bias over the MC for wet and dry seasons and indicated that the dry bias exists in most dynamical models [40,41,42,43,44,45]. Spatially incoherent rainfall over the MC in the wet season leads to an “incoherent unpredictable” feature, especially for the western MC rainfall which tends to be uncorrelated with the sea surface temperature (SST) in the wet season [29,31]. Moreover, several studies have reported that a deficient representation of rainfall (or convection) exists in dynamical models [46,47,48]. Besides, most models have difficulties in predicting the propagation of MJO through the MC into the Pacific Ocean, which is referred to as the MJO “Maritime Continent prediction barrier” problem [17,49,50,51,52]. Nevertheless, most focus has been placed on the prediction of rainfall (or convection) in wet and dry seasons over the MC, but how well the transition between the two seasons can be predicted by dynamical models is unknown by far.



As a fully coupled forecast system and one of the state-of-the-art operational climate models, the United States National Centers for Environmental Prediction (NCEP) Climate Forecast System version 2 (CFSv2) has provided an important source of information for global and regional climate prediction [53,54,55]. It has exhibited considerable skill in the monthly and seasonal prediction of climate over the Asian-Pacific regions including the MC. Moreover, the CFSv2 hindcasts consist of not only monthly mean data but also daily data and thus provide a good opportunity for investigating the predictability and the skill of prediction of sub-seasonal climate phenomena such as the transition between dry and wet seasons for the MC.



In this study, we first analyze the variation of rainfall during the transition seasons and associated large-scale circulation, and then investigate their predictions by the CFSv2. The rest of this paper is organized as follows. The introduction of the model and data sets applied in this study is given in Section 2. Section 3 provides an assessment of the major features of the MC rainfall of the transitional periods between wet and dry seasons and the prediction of these features by the CFSv2 of zero-day lead. The skills of prediction of these transitional features in different leads of time are discussed in Section 4. Finally, a summary of the results obtained and a further discussion are provided in Section 5.




2. Model and Data


The NCEP CFSv2 is a fully coupled dynamical prediction system and one of the state-of-the-art operational climate models [53,54,55]. It consists of the NCEP Atmospheric Global Forecast System with 64 sigma layers in the vertical and a T126 resolution in the horizontal as its atmospheric component [56]; the NCEP, Oregon State University (OSU), the Air Force, and the Hydrologic Research Laboratory land model Noah [57]; and the Modular Ocean Model version 4.0 from the Geophysical Fluid Dynamics Laboratory of the National Oceanic and Atmospheric Administration as its oceanic component [58]. We analyze the output of rainfall and 850-hPa winds from the retrospective forecasts of 45-day integrations from the CFSv2 (initiated from every 0000 Coordinated Universal Time (UTC), 0600 UTC, 1200 UTC, and 1800 UTC cycle) from 2000 to 2010. For a specific predicted target day, the longest lead time is 44 days. The zero-day lead denotes that the model runs initialized on this day while the 44-day lead denotes that the model runs initialized 44 days ago. We calculate pentad mean from the daily data because the daily mean is too noisy to determine the transitional date while the pentad mean can be considered a simple filter to remove the weather signals and is thus widely used to analyze seasonal transition [39]. There are 73 pentads for each year (February 29 is not included for leap years) [59]. The first pentad is for 1–5 January, and the last pentad is for 27–31 December. As an example, for the 73rd pentad zero-day lead, the ensemble mean of the runs initialized from 27, 28, 29, 30, and 31 December is used as the forecast. For the 73rd pentad 44-day lead (the longest lead time), the ensemble mean of the runs initialized from 13, 14, 15, 16, and 17 November is used as the forecast. For convenience, the zero-day lead, one-day lead, two-day lead, …, and 44-day lead of the CFSv2 are denoted as LD0, LD1, LD2, …, and LD44, respectively.



The observations used for model verification include daily precipitation from the Global Precipitation Climatology Project (GPCP) with a horizontal resolution of 1° [60], and winds and 500-hPa geopotential height with 0.5° horizontal resolution from the Climate Forecast System Reanalysis (CFSR) [55]. In this study, the MC region is defined as the domain of (9°S–1°S/98°E–145°E plus 1°S–7°N/98°E–120°E).




3. Prediction of MC Rainfall of the Transitional Periods between Wet and Dry Seasons in LD0


3.1. Major Features in Observation


Figure 1a shows the climatological (2000–2010) pentad-mean rainfall over the MC, in which the black solid line denotes observed values. MC rainfall exhibits strong seasonal variations, with distinct dry and wet seasons. The annual mean of observation is about 6.5 mm/day, while the minimum value of the pentad mean rainfall is below 4 mm/day in the 44th pentad and the maximum rainfall is above 10 mm/day in the 73rd pentad. The transition between dry and wet seasons is asymmetric. A sudden decrease (about 4.5 mm/day) happens from the 26th pentad to the 28th pentad, while an increase with smaller amplitude (about 2 mm/day) occurs from the 58th pentad to the 60th pentad. It is not easy to define the transition date between dry and wet seasons objectively because the MC rainfall exhibits remarkable intraseasonal variations. To better reflect the overall difference in rainfall between dry and wet seasons and exclude the effect of the intraseasonal oscillation, we define the transition date between the wet season to dry season (dry season to wet season) as the pentad that satisfies the following criteria: (1) the first pentad when rainfall is below (above) the annual mean during the 17th–37th (49th–69th) pentad; (2) rainfall in the consecutive three pentads following the first pentad is below the annual mean; and (3) averaged rainfall for the first pentad and following five pentads is below (above) the annual mean. For convenience, the transition from wet season to dry season (from dry season to wet season) is briefly denoted as WTD (DTW). Thus, the WTD occurs around the 27th pentad and the DTW occurs around the 59th pentad according to the above definition. We also calculated climatological pentad-mean rainfall for 36 years (1979–2014) using the pentad data from the Climate Prediction Center Merged Analysis of Rainfall (CMAP) and GPCP and found the annual cycle of rainfall over the MC depicted by the two data sets is similar to that shown in Figure 1, demonstrating that the results revealed by the above analysis are reliable (figure not shown). It should also be noticed that the northeastern MC is not included in this study due to the different features of rainfall variation (figure not shown) over this region compared to other regions of the MC, and part of the northeastern MC is included in the Asian-Pacific summer monsoon regime [61].


Figure 1. (a) Climatological pentad mean rainfall (mm/day) averaged over the Maritime Continent (9°S–1°S/98°E–145°E plus 1°S–7°N/98°E–120°E) for observation (GPCP; black line) and CFSv2 LD0 (red line); (b) Difference of climatological pentad mean rainfall (mm/day) between CFSv2 LD0 and observation (GPCP). The horizontal black line and red line denote the annual mean values for observation and the CFSv2, respectively.
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Figure 2a shows the time-latitude cross-sections of climatological pentad-mean rainfall and 850-hPa winds along the longitudes of MC in observations. The rainfall amount is above 7 mm/day over the MC, except in the north of 2.5°N during the first pentad to the 26th pentad, and then experiences a sudden decrease around the 27th pentad. Rainfall over the MC is almost below 7 mm/day from the 27th pentad to the 58th pentad, with the driest region over the south of 5°S. Rainfall gradually increases from the northern MC to southern MC from the 58th pentad to the 73rd pentad. Correspondingly, northeasterly and northwesterly low-level winds are seen over the north and south of 2.5°N from the first pentad to the 26th pentad, and southwesterly and southeasterly winds appear from the 27th pentad to the 58th pentad. Winds gradually turn to northerly or westerly flows from the northern MC to the southern MC after the 59th pentad.


Figure 2. Time-latitude cross-sections of climatological pentad mean rainfall (GPCP; shadings; mm/day) and 850-hPa winds (CFSR; vectors; m/s) along the longitudes (98°E–145°E for 9°S–1°S and 98°E–120°E for 1°S–7°N) of Maritime Continent from the first pentad to the 73rd pentad (x-coordinate) for (a) observations; and (b) CFSv2 LD0 prediction.
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A question from the above analysis is what happens during the WTD and the DTW. The pentad means of rainfall and 850-hPa winds from the 25th pentad to the 29th pentad and the differences between the 28th–29th pentad mean and the 25th–29th pentad mean are shown in Figure 3. It can be seen from Figure 3a,b that the westerlies over the equatorial Indian Ocean, the easterlies over the equatorial Pacific Ocean, and the southeasterly winds from the Australia High converge in over the MC, accompanied by heavy rainfall over the MC during the 25th–26th pentads when heavy rainfall is mainly centered over islands. The rain belt jumps northward to the South China Sea from the 26th pentad to the 27th pentad, associated with the enhancement of southwesterly winds from the Arabian Sea to the South China Sea (Figure 3c). The rainfall over the MC decreases from the 27th pentad to the 29th pentad (Figure 3c–e). More specifically, rainfall decreases over the low latitudes between 60°E to 160°E and increases over the north of the MC during the WTD, accompanied by an enhancement of the southeasterly monsoon winds and a weakening of the easterly winds and westerly winds over the equatorial Indian Ocean and the equatorial Pacific Ocean. The Australia High weakens as well. These changes in atmospheric circulation contribute to anomalous divergence (or weakening of convergence) over the MC during the WTD (Figure 3f). Examinations of the 500-hPa geopotential height and 200-hPa winds from the 25th pentad to the 29th pentad also indicate that the western Pacific subtropical high (WPSH) intensifies and extends northward and eastward and an anomalous convergence forms over the MC during the WTD (Figure 4).


Figure 3. Climatological mean rainfall (GPCP; shading; mm/day) and 850-hPa winds (CFSR; vectors; m/s) for (a) 25th pentad; (b) 26th pentad; (c) 27th pentad; (d) 28th pentad; and (e) 29th pentad; (f) Differences between 28th–29th pentad mean and 25th–26th pentad mean. The domain of the Maritime Continent is outlined with red boxes.
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Figure 4. Same as in Figure 3, but for 500-hPa geopotential height (CFSR; dgpm; shading) and 200-hPa winds (CFSR; m/s; vectors).
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Figure 5 shows pentad mean and difference patterns for the DTW. During the 57th pentad and the 58th pentad, westerlies over the northern Indian Ocean and easterlies from the western Pacific Ocean to the Indo-China Peninsula converge around the South China Sea, and a weak cyclonic circulation forms over the Bay of Bengal (Figure 5a,b). Correspondingly, the rain band is mainly located over the north of the equator (Figure 5a,b). Rainfall increases over the western MC and the cyclonic circulation over the Bay of Bengal disappears in the 59th pentad (Figure 5c). Heavy rainfall moves southward gradually, and easterly winds over the western Pacific Ocean extend westward from the 59th pentad to the 61st pentad (Figure 5c–f). It can be found from the difference patterns that the Mascarene High weakens during the DTW and an anomalous anticyclonic circulation appears to the northeast of the Philippines. As a result, an anomalous divergence forms over the northeast of the Philippines and an anomalous convergence appears over the northern Indian Ocean (Figure 5f). Correspondingly, a negative rainfall difference appears over the north of the MC and a positive rainfall difference emerges from the northern Indian Ocean (Figure 5f). However, the difference patterns for the DTW are not completely opposite to those for the WTD, and a negative rainfall difference even appears over the southeastern MC (Figure 5f). This spatial incoherent variation of rainfall during the DTW is due to the gradual increase in rainfall from the northern MC to the southern MC (see Figure 2), and from the western MC to the eastern MC, contributing to a later transition from dry season to wet season over the southeastern MC (figures not shown). Besides, the upper-level patterns for the DTW show that the WPSH weakens and the difference in 200-hPa winds converge around the MC region, and an anomalous high forms over the northeast of the Philippines during the DTW (Figure 6).


Figure 5. Climatological mean rainfall (GPCP; shading; mm/day) and 850-hPa winds (CFSR; vectors; m/s) for (a) 57th pentad; (b) 58th pentad; (c) 59th pentad; (d) 60th pentad; and (e) 61st pentad; (f) Differences between 60th–61st pentad mean and 57th-58th pentad. The domain of the Maritime Continent is outlined with red boxes.
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Figure 6. Climatological-mean 500-hPa geopotential height (CFSR; dgpm; shading) and 200-hPa winds (CFSR; m/s; vectors) for (a) 57th pentad; (b) 58th pentad; (c) 59th pentad; (d) 60th pentad; and (e) 61st pentad; (f) Differences between 60th–61st pentad mean and 57th–58th pentad mean. The domain of the Maritime Continent is outlined with red boxes.
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3.2. Prediction in LD0


Due to the unique location, complex distribution of land, sea, and topography, as well as the important role of the MC in atmospheric circulation, previous efforts have also been devoted to understanding the prediction of the MC climate [29,31,37,40,45]. However, few studies have been conducted on the predictions of the MC rainfall and associated circulation patterns during transitional periods.



The red solid line and the horizontal red dashed line in Figure 1a denote the climatological pentad-mean and yearly-mean MC rainfall for CFSv2 LD0, respectively. The sub-seasonal variations of rainfall in LD0 are generally similar to those observed, particularly during the dry season and from the 65th pentad to the 73rd pentad (Figure 1a). The transition from wet season to dry season around the 27th pentad is well captured by the model, although the magnitude of rainfall decrease is weaker than that in observation. However, the DTW in LD0 is later and weaker than that in the observation (Figure 1a). The annual mean of MC rainfall in LD0 is slightly overestimated compared to the observation, due mainly to the overestimation of MC rainfall from the first pentad to the 16th pentad (Figure 1b). The amount of the MC rainfall is well predicted by the CFSv2 in LD0 from the 19th pentad to 73rd pentad (Figure 1b).





Figure 2b shows the time-latitude cross-sections of climatological pentad-mean rainfall and 850-hPa winds in CFSv2 LD0. The model generally predicts the periods of wet season and dry season, particularly for the dry season and from the 65th pentad to the 73rd pentad, consistent with the result of Figure 1a. However, the CFSv2 overestimates the rainfall to the south of the equator from the first pentad to the 16th pentad (consistent with the result of Figure 1a), and underestimates the rainfall to the south of 2.5°N from the 17th pentad to the 26th pentad, contributing to a smaller decrease in rainfall during the WTD. Besides, less-than-observed rainfall appears to the north of the equator from the 54th pentad to the 60th pentad, which contributes to a later DTW and a smaller increase in rainfall for DTW (Figure 2b). In addition, the model generally captures the major features of low-level atmospheric circulation, including the northeasterly and northwesterly winds during the wet season, and the southeasterly and southwesterly winds during the dry season. It should be noticed that the southwesterly winds to the south of the equator from the first pentad to the 16th pentad are overestimated, consistent with the overestimation of rainfall (Figure 2b).



Climatological pentad mean and difference patterns of rainfall and 850-hPa winds for the WTD in LD0 are shown in Figure 7. Compared with the patterns in observations (Figure 3), the model captures the major features of the WTD such as the locations of the rain belt, the westerlies over the Indian Ocean, the easterlies over the western Pacific Ocean, the development of southwesterly monsoon flow, and the Australia High from the 25th pentad to the 29th pentad (Figure 3 and Figure 7). Also, the changes in the MC rainfall and the associated circulation patterns are similar to those in the observations (Figure 7f). However, less-than-observed rainfall appears over the MC, especially for the islands, during the 25th pentad and the 26th pentad (Figure 7a,b), and more-than-observed rainfall appears over New Guinea from the 27th pentad to the 29th pentad (Figure 7c–e). The CFSv2 overestimates the Intertropical Convergence Zone (ITCZ) rainfall from the 25th pentad to the 29th pentad, as well as the rainfall over the northern Indian Ocean during the 25th pentad and the 26th pentad (Figure 7a–e). Besides, the model captures the upper-level patterns for WTD (figure not shown) well, including intensification of the WPSH and the divergence of the 200-hPa winds over the MC. However, the WPSH is weaker in CFSv2 than in the observation, consistent with the result of Jiang et al. [41].


Figure 7. Same as in Figure 3, but for CFSv2 LD0. (a) 25th pentad; (b) 26th pentad; (c) 27th pentad; (d) 28th pentad; and (e) 29th pentad; (f) Differences between 28th–29th pentad mean and 25th–26th pentad mean.
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It can be seen from Figure 8, which presents the climatological pentad mean and difference patterns of rainfall and 850-hPa winds for the DTW in LD0, that the locations of the rain belt and associated atmospheric circulation are reasonably captured by the CFSv2 (Figure 8). However, the model underestimates the MC rainfall during the 60th pentad and the 61st pentad (Figure 8d,e), and heavy rainfall occurs over the southern Bay of Bengal in LD0 while it is located near the southwestern MC (in the 60th pentad) in the observation (Figure 8d). The model also overestimates the rainfall over the western Pacific, including the ITCZ and the Southern Pacific Convergence Zone (SPCZ) rainfall (Figure 8a–e). As seen from the difference patterns, the model underestimates the increase in rainfall during the DTW (Figure 8f). The 500-hPa geopotential height and 200-hPa wind patterns are well captured by the model, although the WPSH and the 200-hPa convergence in wind differences are weaker than observed (figure not shown).


Figure 8. Same as in Figure 5, but for CFSv2 LD0. (a) 57th pentad; (b) 58th pentad; (c) 59th pentad; (d) 60th pentad; and (e) 61st pentad; (f) Differences between 60th–61st pentad mean and 57th–58th pentad mean. The domain of the Maritime Continent is outlined with red boxes.
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4. Prediction of MC Rainfall and Associated Circulation Patterns in Different Leads of Time


Figure 9 presents the climatological pentad-mean rainfall averaged over the MC for observation (black solid line) and CFSv2 predictions of different leads of time (red solid line). An overestimation of the MC annual mean rainfall can be seen before LD15, and an underestimation appears when the lead time is longer than 15 days. The model predicts more-than-observed rainfall for almost all pentads when the lead time is shorter than 10 days. After that, the MC rainfall is underestimated from the 15th pentad to the 26th pentad and from the 50th pentad to the 73th pentad. The model overestimates the MC rainfall again from the 27th pentad to the 40th pentad. Correspondingly, the amplitudes of rainfall decrease during WTD and rainfall increase during DTW become smaller as the lead time increases. The model generally captures the major feature of rainfall variation for WTD within 20 lead days (about three weeks), and predicts the feature of rainfall variation for DTW within 15 lead days (about two weeks) well.


Figure 9. Climatological pentad mean rainfall (mm/day) averaged over the Maritime Continent for observation (GPCP; black line) and CFSv2 predictions (red line) in (a) LD1; (b) LD5; (c) LD10; (d) LD15; (e) LD20; (f) LD25; (g) LD30; and (h) LD35.
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Variations of rainfall are always accompanied by changes in atmospheric circulation (Figure 3, Figure 4, Figure 5 and Figure 6). To investigate how well the variations of related atmospheric circulation can be predicted by the model, time series of climatological pentad mean ∇·Vh averaged over the MC for both observation and CFSv2 of different leads are shown (Figure 10). Convergence over the MC is much weaker during the WTD and gradually becomes stronger during the DTW in observation (black line in Figure 10), corresponding to the variations of the MC rainfall during WTD and DTW. Change in ∇·Vh for the DTW is much smaller and slower than that for the WTD. These features are well predicted by the model in a short time lead. However, the model unrealistically predicts the changes in convergence over the MC during WTD (DTW) when the lead time is longer than 20 days (15 days), consistent with the prediction of the MC rainfall variation during the WTD and the DTW.


Figure 10. Same as in Figure 9, but for ∇·Vh (10−6/s)). (a) LD1; (b) LD5; (c) LD10; (d) LD15; (e) LD20; (f) LD25; (g) LD30; and (h) LD35.
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The changes in rainfall and 850-hPa winds during the WTD for CFSv2 predictions in different leads of time are shown in Figure 11. The difference patterns are similar to those in observations when the lead time is within 10 days. A negative difference center of rainfall is mainly located to the west of the MC when the lead time is longer than 10 days and the negative difference of rainfall over the MC is underestimated by the model. When the lead time is longer than 25 days, a positive difference of rainfall appears over the southeastern MC and then expands to the entire MC due to the southward expansion of the positive rainfall difference over the western Pacific Ocean. The positive difference of rainfall over the Arabian Sea is overestimated by the CFSv2 for all leads. Correspondingly, the southwesterly monsoon winds expand more southward and the difference is smaller from the Bay of Bengal to the western Pacific Ocean in the model than that in the observations. The difference patterns of low-level winds over the western Pacific Ocean are almost opposite to those in the observations, and they are westerly winds in the observations but easterly winds in the model, when lead time is longer than 25 days (Figure 11). The winds over the equatorial Indian Ocean are well captured by the model for all leads.


Figure 11. Differences in rainfall (shaded areas; mm/day) and 850-hPa winds (vectors; m/s) between 28th–29th pentad mean and 25th–26th pentad mean for CFSv2 predictions in (a) LD1; (b) LD5; (c) LD10; (d) LD15; (e) LD20; (f) LD25; (g) LD30; and (h) LD35.
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The changes in rainfall and 850-hPa winds during the WTD for CFSv2 predictions in different leads of time are shown in Figure 11. The difference patterns are similar to those in observations when the lead time is within 10 days. A negative difference center of rainfall is mainly located to the west of the MC when the lead time is longer than 10 days and the negative difference of rainfall over the MC is underestimated by the model. When the lead time is longer than 25 days, a positive difference of rainfall appears over the southeastern MC and then expands to the entire MC due to the southward expansion of the positive rainfall difference over the western Pacific Ocean. The positive difference of rainfall over the Arabian Sea is overestimated by the CFSv2 for all leads. Correspondingly, the southwesterly monsoon winds expand more southward and the difference is smaller from the Bay of Bengal to the western Pacific Ocean in the model than that in the observations. The difference patterns of low-level winds over the western Pacific Ocean are almost opposite to those in the observations, and they are westerly winds in the observations but easterly winds in the model, when the lead time is longer than 25 days (Figure 11). The winds over the equatorial Indian Ocean are well captured by the model for all leads.



Differences in rainfall and 850-hPa winds between the 60th–61st pentad mean and the 57th–58th pentad mean (DTW) for CFSv2 predictions in different leads are shown in Figure 12. The model captures the major features of the difference patterns for the DTW within 15-day leads, including the increase in rainfall from the western Indian Ocean to the western MC, and the decrease in rainfall from the Bay of Bengal to the western Pacific Ocean. The model predicts a much weaker decrease and increase of rainfall when the lead time is longer than 15 days. The model also underestimates the anomalous anticyclonic circulation over the western Pacific Ocean and the change in the Mascarene High, contributing to the underestimation of rainfall change over the MC during the DTW.


Figure 12. Differences in rainfall (shaded areas; mm/day) and 850-hPa winds (vectors; m/s) between 60th–61st pentad mean and 57th–58th pentad mean for CFSv2 predictions in (a) LD1; (b) LD5; (c) LD10; (d) LD15; (e) LD20; (f) LD25; (g) LD30; and (h) LD35.
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From the above analysis, the skills of CFSv2 in predicting the changes in MC rainfall during the WTD and the DTW depend on the model’s skills in predicting the large-scale rainfall changes. To provide a quantitative assessment of the model’s prediction skills, we carry out a pattern correlation analysis (correlation between model results of different leads and observation) for the difference in rainfall over the area of 30°S–30°N/60°E–160°E. (It should be pointed out that the results obtained are not sensitive to the size of the area analyzed.) Following previous studies [50,51], we use the correlation coefficient of 0.5 as a threshold for skillful prediction. As seen from Figure 13, the prediction skill of CFSv2 for the WTD is higher than that for the DTW in all leads. The prediction skill of the model for the WTD gradually decreases from LD0 to LD15 and the correlation coefficient is lower than 0.5 when the lead time is longer than 23 days (about three weeks). For the DTW, the prediction skill of the model decreases rapidly from LD0 to LD5, and the correlation coefficient is lower than 0.5 when the lead time is longer than 15 days (about two weeks).


Figure 13. Coefficients of correlation between the differences in rainfall over 30°S–30°N/60°E–160°E for observation (GPCP) and for CFSv2. The black line denotes the correlation coefficients for differences between 28th–29th pentad mean and 25th–26th pentad mean, and the red line denotes the correlation coefficients for differences between 60th–61st pentad mean and 57th–58th pentad mean.
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5. Discussion and Conclusions


Rainfall over the MC is dominated by a distinct annual cycle and its seasonal evolution is characterized by a wet season and a dry season. Previous studies have mainly focused on the seasonal-interannual and diurnal variations and their predictions of the MC rainfall [1,2,3,4,5], while characteristics and predictions of the MC rainfall for the transitional periods between the wet and dry seasons have received less attention. In this study, we have analyzed the features of the MC rainfall and the associated atmospheric circulation of the wet-dry transitional seasons and the skills of predicting these transitional features by the NCEP CFSv2.



Over the MC, the WTD occurs around the 27th pentad and the DTW occurs around the 59th pentad. This result is reliable given the consistency between the analyses of both CMAP and GPCP data sets. The MC rainfall experiences a sudden decrease during the WTD, contributing to a spatial coherency of timing for the WTD over the MC. On the other hand, a gradual increase in rainfall from the northern MC to the southern MC and from the western MC to the eastern MC takes place during the DTW, contributing to a later DTW for the southeastern MC than that for the western MC. The rainfall decrease during the WTD is accompanied by enhancement of the southeasterly monsoon winds, and the weakening of the easterlies over the equatorial Indian Ocean and the westerlies over the equatorial Pacific Ocean. The Australia High weakens as well. On the other hand, the WPSH intensifies and extends northeastward. These changes in circulation cause an anomalous lower-level divergence and upper-level convergence over the MC during the WTD, which is responsible for the decrease in rainfall over the MC. For the DTW, the Mascarene High weakened and an anomalous anticyclonic circulation appeared to the northeast of the Philippines at the lower troposphere. An anomalous low-level wind convergence occurs over the western MC during the DTW. Nevertheless, our analysis shows an asymmetric feature for the seasonal transition, but a full understanding of the reasons for this asymmetry requires further investigations.



The NCEP CFSv2 is able to capture the major features of the rainfall and related atmospheric circulation during the WTD and the DTW in LD0. However, the model underestimates the amplitude of rainfall changes for both the WTD and the DTW. This underestimation is contributed by the less-than-observed rainfall to the south of 2.5°N from the 17th pentad to the 26th pentad and to the north of the equator from the 54th pentad to the 60th pentad. Also, the WPSH and its changes during the two transitions are weaker than those in the observations, consistent with the result of Jiang et al. [41].



The CFSv2 predicts the major features of rainfall and the related atmospheric circulation well when the forecast lead time is less than three weeks for WTD and two weeks for DTW. The amplitudes of rainfall changes for both the WTD and DTW become smaller as the lead time increases. When the lead time is longer than 25 days, the changes in the winds over the western Pacific Ocean are almost opposite with those observed (westerly winds in the observation but easterly winds in the model) during the WTD. In the mean time, the changes in the winds over the equatorial Indian Ocean are well captured by the model for all leads. For the DTW, the model predicts much smaller amplitudes for the changes in rainfall over the MC and the associated atmospheric circulation patterns.



In this study, we have mainly focused on the climatological features of MC rainfall as well as the associated atmospheric circulation for both the WTD and DTW. The time of the WTD is the 27th, 26th, 27th, 27th, 33rd, 21st, 37th, 28th, 27th, and 32nd pentad for 2000–2009 (rainfall did not exhibit apparent dry and wet seasons in 2010), respectively (figure not shown). The time of the DTW is the 64th, 59th, 62nd, 56th, 65th, 58th, 69th, 59th, 59th, and 63rd pentad for 2000–2009, respectively (figure not shown). As examples, the time series of the pentad mean MC rainfall in the observation and CFSv2 of different leads for 2006 and 2008 are examined (Figure 14 and Figure 15). The time of the WTD and that of the DTW in 2006 are later than those of other years, and the amplitude of rainfall decrease (increase) during the WTD (DTW) in 2006 is larger than that of climatology (black line in Figure 14). The MC rainfall variations during the WTD and the DTW in 2006 are well predicted by the CFSv2 within 10 lead days (Figure 14). The time of WTD (DTW) in 2006 is predicted by one pentad (two to four pentads) later than in observations when the lead time is longer than 15 days (Figure 14). For 2008, the time of the WTD and the DTW is exactly the same as that in climatology (black line in Figure 15). The model predicts the MC rainfall variation during the WTD well within five lead days, and then the MC rainfall variation during the WTD is unrealistically predicted (Figure 15). On the other hand, the MC rainfall variation during the DTW is well represented by the CFSv2 within 30 lead days, which is much better than the prediction for the WTD (Figure 15). These WTD and DTW phases as well as their predictions vary from year to year, and the interannual variability of these transitional features needs to be further studied. It should be pointed out that the variations of rainfall over the northeastern MC have not been studied in the current analysis. Moreover, the prediction of these transitional features has not been fully addressed previously. Therefore, further studies are needed for enhancing our understanding of the MC rainfall variability and its prediction in different temporal and spatial scales.


Figure 14. Pentad mean rainfall (mm/day) averaged over the Maritime Continent in 2006 for observation (GPCP; black line) and CFSv2 predictions (red line) in (a) LD1; (b) LD5; (c) LD10; (d) LD15; (e) LD20; (f) LD25; (g) LD30; and (h) LD35.
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Figure 15. Same as in Figure 14, but for 2008. (a) LD1; (b) LD5; (c) LD10; (d) LD15; (e) LD20; (f) LD25; (g) LD30; and (h) LD35.
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