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Abstract

:

What causes the eastward extension of the climatological monsoon trough over the western North Pacific in the boreal summer was investigated through both observational analyses and numerical simulations. It was found that the highest SST is always located to the east of maximum precipitation, and this asymmetric SST pattern favors the eastward extension of the monsoon trough through SST induced boundary layer convergence. A mixed-layer heat budget analysis further indicates that the SST asymmetry arises primarily from the asymmetric pattern of cloud-modified downward shortwave radiation. In addition, two internal atmospheric mechanisms are identified. Firstly, there is a zonal asymmetry in the lower-tropospheric moisture advection. Southeasterlies to the east of the convection, in association with the subtropical high advect high mean moisture from south, leads to low-level moistening to the east of the convective center. Secondly, the heating-induced Kelvin wave response leads to a boundary layer convergence ahead of the convection. Both the processes lead to the setup of a convectively unstable stratification to the east, favoring the eastward extension of the monsoon trough. Two sets of the WRF model experiments that specify a fixed and a time-dependent SST field confirm the roles of the aforementioned atmospheric internal processes as well as the air–sea interaction process in causing the eastward progression of the climatological monsoon trough over the western North Pacific.






Keywords:


monsoon trough; climatological pentad mean; moisture advection












1. Introduction


A unique feature in the tropical western North Pacific (WNP) is the occurrence of a monsoon trough (MT), where the low-level monsoon westerlies meet trade easterlies [1]. MT is characterized by low sea level pressure, intense precipitation, pronounced low-level convergence, and mid-tropospheric ascending motions [2]. MT provides favorable dynamic and thermodynamic environments for tropical cyclone (TC) formations [3,4], and its variation has a great impact on TC genesis locations, times, and frequencies, as well as the TC track [5,6,7].



The formation of the WNP MT is conventionally thought to be driven by the meridional gradient of the hemispherically asymmetric sea surface temperature [1,8]. The asymmetric solar radiation forcing in the boreal summer induces a northward cross-equatorial flow in the lower troposphere, which converges onto the summer hemisphere, leading to enhanced precipitation north of the equator. This is a major mechanism for the formation of an oceanic monsoon, as discussed by Wang et al. [8]. Different from this traditional thermodynamic mechanism, Qin et al. [9] proposed a pure atmospheric dynamics mechanism. They constructed a nonlinear barotropic vorticity model with a specified background flow, following Kuo et al. [10]. As synoptic-scale easterly waves specified over the eastern boundary of the model propagated westward [11], they tended to contract under the background flow. Due to the vorticity segregation process, eddies with positive vorticities shifted to the north, while eddies with negative vorticities shifted to the south. This led to the formation of a pair of large-scale cyclonic and anticyclonic circulations, straddling the central reference latitude. The so-generated large-scale circulation could be further enhanced through moisture–circulation–convection feedback.



An interesting feature of the time evolution of the climatological MT is the eastward extension of precipitation and low-level westerly. In June, the monsoon westerly is confined to the west of the Philippines. Then, it gradually expands eastward into the western Pacific. In late July, the monsoon westerly extends to 150° E. It continues expanding eastward in August, and it starts to dissipate after that [12]. Therefore, the eastward extension of the monsoon westerly and precipitation from June to August signifies the development of the MT over the WNP.



An interesting question is what causes the eastward extension of the climatological monsoon trough. Wu [13] suggested that it might be attributed to local air–sea interaction. Wu [13] found that the change in SST associated with the surface heat flux anomaly might play a role in promoting the eastward extension of the MT. However, as shown by our idealized model simulation, MT can still extend eastward even with a specified time-independent SST in the boreal summer. This implies that atmospheric internal processes may also play a role.



Motivated by the rationale above, we intend to reveal specific atmospheric and air–sea interaction processes that are responsible for the climatologically subseasonal evolution of the MT, taking both observational analysis and numerical modeling approaches. The remaining part of this paper is organized as follows. In Section 2, we describe the data and model experiment design. The observational analyses of atmospheric and oceanic fields associated with the eastward extension of the MT are described in Section 3. In Section 4, we discuss the idealized WRF experiment results. Finally, a conclusion and discussions are given in the last section.




2. Data, Model Experiment Design, and Analysis Method


2.1. Data


The European Centre for Medium-Range Weather Forecasts interim reanalysis (ERA-Interim) datasets with a resolution of 1° × 1° at 6 h intervals [14] were employed in this study for both observational analyses and numerical model simulations (as initial and lateral boundary conditions). In addition, the precipitation field from the Tropical Rainfall Measuring Mission (TRMM) 3B42 version 7 dataset was used. This dataset had a 3 hourly temporal resolution and a horizontal resolution of 0.25° [15].



In addition, three-dimensional ocean temperature fields used in this study were obtained from the National Center for Environmental Prediction (NCEP) Global Ocean Data Assimilation system (GODAS) products. The GODAS product had a resolution of 1° in zonal and 1/3° in the meridional direction and 40 vertical levels with a 10 m resolution in the upper 200 m. The surface heat flux field used for this study was taken from various datasets. The latent and sensible heat flux data were obtained from the Objectively Analyzed Air–Sea Fluxes for the Global Oceans (OAFlux) product, with a 1° × 1° resolution. The surface radiation flux fields were extracted from the Japanese 55-year Reanalysis Project (JRA-55), with a 1.25° × 1.25° resolution.



The analysis period for all the data spanned from 1998 to 2017, with a focus on boreal summer months from June to August. To reveal the detailed evolutions of climatological atmospheric and oceanic fields, pentad (5-day) mean fields were constructed for each year. For all the variables (precipitation, u, v, SST, flux terms, and so on), pentad means were constructed for each year since June 1st. Additionally, climatological pentad means were calculated as multi-year means.




2.2. Model Experiment Design


The Advanced Research Weather Research and Forecasting system (WRF-ARW, Version 3.8) was utilized in this study. The model had a horizontal resolution of 50 km and a vertical resolution of 46 vertical layers, with a model top at 10 hPa. The mesh sizes were 200 × 130, and the model domain was large enough to cover most of the WNP. The simulations utilized various physical parameterization schemes, including the Yonsei University (YSU) planetary boundary layer (PBL) scheme, the WRF single moment 6-class scheme, and the RRTM longwave radiation and Dudhia shortwave radiation schemes.



Two sets of numerical experiments were carried out. In the control experiment (CTL), variables from the ERA-Interim datasets, including surface pressure, wind fields, geopotential height, temperature, SST, and specific humidity, were used as the initial and lateral boundary conditions [16]. The objective of this control experiment is to simulate a realistic eastward extension of the WNP monsoon trough in the presence of realistic SST evolution from June 1 to August 31. In the sensitivity experiment (FIX_SST), SST was kept to the climatological pattern on June 1, while other settings were same as in the control experiment. The model simulated 3-dimensional meteorological fields, including wind, temperature, geopotential height, and specific humidity fields. The reanalysis product was used as the model’s initial condition without spin-up or the use of an initialization scheme, as a data assimilation method had been applied when the reanalysis product was generated.



The purpose of the sensitivity experiment was to reveal whether or not the MT would extend eastward with a fixed SST. By comparing the two experiments, one may reveal the relative role of the atmospheric and oceanic processes in promoting the eastward extension of the MT. For each of the experiments above, the model was integrated for 92 days. There was a sponge layer (about 20 grids) in the lateral boundary layers so that observed lateral boundary conditions could be well represented. Same as the observational data, the pentad mean data of the simulation results were constructed prior to the data analysis.




2.3. Analysis Method


To understand the cause of SST asymmetry relative to the monsoon convection, the ocean mixed layer heat budget was diagnosed following Li et al. [17]. The time change rate of the mixed-layer averaged temperature may be written as follows:


    ∂ T   ∂ t   = − u   ∂ T   ∂ x   − v   ∂ T   ∂ y   − w   ∂ T   ∂ z   +     Q   n e t     ρ   c   w   H   + R ,  



(1)






    Q   n e t   =   Q   S W   +   Q   S W   +   Q   L H   +   Q   S W   ,  



(2)




where T denotes the mixed layer temperature, and u, v, and w are three-dimensional ocean current velocities. Qnet denotes the net surface heat flux term that includes surface shortwave (QSW) and longwave radiation (QLW) and latent (QLH) and sensible (QSH) heat fluxes (with all positive values denoting downward, i.e., the ocean receives heat), R denotes the residual term, ρ is the density of water (= 103 kg m−3), Cw is the specific heat of water (= 4000 Jkg−1K−1), and H denotes the mixed layer depth. The mixed layer depth is defined as a depth where ocean temperature is 0.5 °C below the surface temperature.





3. Processes Associated with Eastward Extension of WNP MT


In this section, we intend to reveal specific atmospheric and air–sea interaction processes responsible for the eastward MT extension, based on observational analyses. Figure 1 illustrates how the climatological monsoon trough marches eastward during June–August. It depicts the time–longitude sections of the climatological pentad mean precipitation, SST, and 850 hPa zonal wind averaged over the key MT latitudinal zone (10° N–15° N) during the entire summer months (Pentad 1–18, from June 1 to August 31). Note that the monsoon westerly at this zone is confined to the west of the Philippines in early June, and it then gradually penetrates into the western Pacific (east of the Philippines). It finally reaches about 150° E in Pentad 18. Accompanied by the low-level westerly are the eastward expansion/migration of the monsoon precipitation and a maximum SST center. Note that the maximum SST center is located at approximately a 10° longitude east of the eastward-extended precipitation center. The black line in Figure 1 can be used to estimate the eastward phase speed of these atmospheric and oceanic fields.



Figure 2 illustrates the horizontal evolution (four pentad mean) patterns of the precipitation, wind, and SST fields. The red straps in the left panel of Figure 2 clearly show the time progression of the low-level westerly associated with MT. In Pentad 1–4, the rainfall induced by topographically lifting near the west coast of the Philippines is relative weak due to weaker westerlies (Figure 2a). The local rainfall becomes stronger in Pentad 5–8 due to enhanced westerlies (Figure 2b). As time progresses, a second precipitation center appears to the east of the Philippines, even though topographically generated rainfall still exists to the west of the Philippines (Figure 2c). In Pentad 13–16, the eastward penetrating precipitation center covers a large area of WNP, ranging from 130° E to 150° E. Since the focus of the current study is on the eastward extension of the MT, we use a red circle in Figure 2 to denote the eastward-extending rainfall center. These rainfall centers will be used as a reference point for the subsequent composite analysis.



Accompanied by the eastward extension of the low-level westerly and precipitation is the eastward migration of a maximum SST center, as shown in the right panel of Figure 2). It is clearly seen that along the key MT zone (10° N–20° N) that a maximum SST center tends to appear to the east of the eastward-extended precipitation reference center.



Physically, the occurrence of a maximum SST center to the east of the precipitation center favors the eastward extension of the monsoon convection. According to Lindzen and Nigam [18], a maximum SST center may induce a boundary layer convergence in situ through SST-gradient-induced pressure gradient forces. Ascending motions at the top of the boundary layer associated with the convergence may increase the low-level moisture through vertical moisture advection. The increase in the low-level moisture eventually strengthens the convective instability in situ [19], leading to the eastward extension of the MT.



The argument above implies that the zonally asymmetric precipitation-SST phase relation is a possible mechanism for the eastward extension of the MT. It is worth mentioning that the maximum SST centers are, in general, located to the northeast of the precipitation centers (Figure 2e–h). This implies that the SST tendency is asymmetric relative to the precipitation center. To reveal this feature, we plotted the horizontal maps of the SST tendency and conducted an oceanic mixed layer heat budget diagnosis. Figure 3 shows the horizontal patterns of the composite SST tendency field and associated mixed-layer heat budget terms. The composite is based on the reference precipitation centers from Pentad 1–4 to Pentad 9–12 (Figure 2a–c). Pentad 13–16 is not included in the composite because the eastward extension of the MT at that period had reached the final stage.



The northeastward shift of the SST center relative to the precipitation center is coherent with the asymmetric SST tendency pattern (Figure 3a), which shows a clear northeast-southwest dipole pattern, with positive (negative) values to the northeast (southwest). The composite net heat flux pattern resembles the SST tendency pattern (Figure 3b), which implies that the net surface heat flux field is critical in causing the SST tendency asymmetry. This is not surprising because ocean advective processes are, in general, small in the warm pool region where the mean thermocline is deep, and the mean horizontal temperature gradient is weak. In fact, our calculation shows that the ocean temperature advection fields as well as the surface longwave radiative and sensible heat fluxes are negligibly small (figures not shown). Two dominant terms in the surface heat flux fields are downward shortwave radiation and surface latent heat flux, as shown in Figure 3c,d. It is noted that the pattern of the shortwave radiation field resembles the net surface heat flux field, with a clear northwest-southeast asymmetry (Figure 3c). In fact, the pattern correlation of the two fields is 0.75 in the black box area of Figure 3b. The asymmetric shortwave radiation pattern is mainly attributed to the asymmetry in the cloud pattern: while the increased cloud cover happens in and to the west of the reference precipitation center, it is cloud-free to its east due to the occurrence of the subtropical high. The surface latent heat flux pattern (Figure 3d), on the other hand, differs markedly from the net heat flux field (Figure 3b). A pair of negative latent heat flux centers appear to both the northeast and southwest of the reference center, with no evident northeast-southwest asymmetry. Therefore, the main driver to cause the asymmetric SST tendency pattern arises from the shortwave radiation impact.



In addition to the air–sea interaction process mentioned above, lower-tropospheric moisture advection also contributes to the eastward extension of the MT. Figure 4a shows the composite horizontal patterns of lower-tropospheric wind and moisture advection fields. Again, the composite is based on the precipitation reference centers for Pentad 1–12. Note that large lower-tropospheric moisture advection appears to the southeast of the precipitation reference center (Figure 4a). The orientation of the moisture advection field is in line with lower-tropospheric southeasterlies, which are part of the WNP subtropical high. Physically, enhanced moisture advection would lead to the increase in low-level moisture to the east of the convective center, promoting the eastward extension of the MT.



Another noted feature is the occurrence of boundary layer convergence to the east of the precipitation reference center (Figure 4b). It is likely that the convergence results from the condensational heating induced the Kelvin wave response [19]. Precipitation along lower latitudes would project an equatorially symmetric component, which, according to Gill [20], would induce a Kelvin wave response, with lower-tropospheric easterly and low-pressure fields appearing to the east of the precipitation center. The so-generated low pressure further induces a boundary-layer convergence in situ [21]. A further diagnosis shows that the boundary layer convergence arises primarily from the zonal wind component, as boundary layer westerlies are located at and to the west of the precipitation center (Figure 4b). The zonal asymmetry of the boundary-layer convergence favors the development of shallow and congestus convection to the east of the precipitation center, leading to the eastward extension of the MT. Therefore, two internal atmospheric mechanisms in addition to the air–sea interaction mechanism are revealed through the current observational analysis. The two internal atmospheric mechanisms, as well as the SST forcing mechanism, will be further tested in the subsequent idealized numerical model experiments.




4. Idealized Numerical Simulations


Two sets of numerical experiments were carried out to reveal the roles of the internal atmospheric processes and the air–sea interaction process in causing the eastward extension of the MT. In the CTL experiment, a realistic time-dependent climatological SST was specified. In the FIX_SST experiment, SST was specified at the climatological June 1 values.



Same as Figure 1, Figure 5 shows the time–longitude sections of the simulated climatological pentad mean fields from both CTL and FIX_SST. As the model simulated MT shifted slightly northward compared to the observed, we examined the simulated precipitation and 850hPa zonal wind fields, along with the specified SST, averaged over 12° N–17° N.



The eastward extension of the simulated zonal wind and precipitation fields well resembled the observed. For example, the monsoon westerlies were located near 130° E in early June and gradually extended eastward and reached to the east of 150° E in late August. Perhaps the most striking feature of Figure 5 is that the monsoon trough could still penetrate eastward, even in the absence of the time-dependent SST forcing. This FIX_SST experiment alone confirmed the role of internal atmospheric processes. On the other hand, there was a clear difference in the extent of the eastward extension between the CTL and FIX_SST. In CTL (left panel), the westerly and precipitation fields extended continuously eastward during the entire summer period, in a way similar to the observed. This is in contrast to FIX_SST, in which the zonal extent of the low-level westerly was confined to the west of 145° E.



The horizontal evolution patterns of the simulated precipitation and 850 hPa wind fields in the CTL (left panel) and FIX_SST (right panel) are shown in Figure 6. Compared to the observation, there is a systematic bias in the simulated rainfall field east of the Philippines in CTL. Despite the bias, the model is able to simulate the eastward extension of the precipitation and low-level westerly fields. The warmest SST center appears to the east of the precipitation center, in a way similar to the observed. In FIX_SST, the eastward extension of the low-level westerly and precipitation fields is weaker and less evident, compared to CTL. In addition to the eastward-extension difference, the FIX_SST simulates a stronger topographically induced precipitation center near the west coast of the Philippines.



To reveal specific atmospheric processes that give rise to the eastward extension of the MT in FIX_SST, we made a similar composite analysis as in Figure 4. Figure 7a shows the horizontal patterns of the composite lower-tropospheric moisture advection and wind fields at 700 hPa. In the absence of the time-dependent SST forcing, an asymmetric lower-tropospheric moisture advection pattern occurs. A large moisture advection appears to the southeast of the precipitation reference center, and the wet advective belt is in line with the lower-tropospheric wind vector. As in the observation, the large moisture advection arises from both horizontal and vertical advection components.



Figure 7b illustrates the composite pattern of the simulated zonal wind and divergence fields at 925 hPa in FIX_SST. There is a clear asymmetry in the boundary layer divergence field relative to the precipitation reference center. A large-scale boundary convergence appears at and to the east of the convective center. The eastward shift of the boundary layer convergence arises primarily from the zonal wind contribution, as the boundary layer westerly shifts eastward and is, approximately, in phase with the precipitation center [21]. As discussed in the previous section, the asymmetric convergence field is likely a consequence of the Kelvin wave response to the convective heating [19].



Therefore, the FIX_SST experiment confirms the roles of asymmetric lower-tropospheric moisture advection and boundary-layer convergence in promoting the eastward expansion of the MT. Together with the CTL experiment, the idealized numerical experiments confirm the observational analysis result that both the internal atmospheric processes and the air–sea interaction processes contribute to the eastward extension of the MT.




5. Conclusions and Discussion


In this study, we investigated the mechanisms responsible for the eastward extension of the climatological monsoon trough (MT) over the western North Pacific (WNP) in the boreal summer. We took both observational analysis and numerical modeling approaches.



Our observational analyses showed that the eastward extension of the monsoon westerlies and precipitation from June to August were attributed to both the air–sea interaction and the atmospheric internal dynamics. It was noted that a warm SST center was located to the east of the precipitation center. This asymmetric SST distribution may have induces a boundary layer convergence east of the convection through SST-gradient induced pressure gradient forces [18]. The asymmetric boundary layer convergence and associated vertical motion (via vertical moisture advection) promoted convectively unstable stratification in situ, leading to the eastward extension of the MT. A mixed layer heat budget diagnosis indicated that the asymmetric SST tendency pattern arose primarily from the asymmetry of the downward shortwave radiation, while other heat flux terms and ocean advections play a minor role. The asymmetry of the downward shortwave radiative flux was attributed to cloud asymmetry. While there was clear sky to the northeast of the precipitation center, a large cloud cover appeared at and to the southwest of the precipitation center.



In addition to the air–sea interaction process, asymmetric lower-tropospheric moisture advection also played a role. Southeasterlies to the west of the subtropical high advect high mean moisture from the south, leading to a positive moisture tendency, which helps setup a convectively unstable stratification to the east of the convection. Meanwhile, the heating-induced Kelvin wave zonal wind response also promoted a boundary layer convergence to the east, which favored the development of a new convection to the east.



To confirm the proposed internal atmospheric mechanisms, we conducted idealized numerical model experiments. Two sets of WRF experiments were carried out. In the control experiment, the model was forced by a realistic time-dependent SST field. In the sensitivity experiment, the SST was fixed at its June 1st climatological values. While the control experiment successfully simulated the eastward extension of the MT, the sensitivity experiment also captured the eastward extension, but to a lesser extent. A diagnosis of the sensitivity experiment indicated the roles of two internal atmospheric processes. One was the asymmetric lower-tropospheric moisture advection and the other was asymmetric boundary layer divergence. Thus, the combined numerical experiments pointed out the importance of both the air–sea interaction and the internal atmospheric processes in promoting the sub-seasonal eastward progression of the MT.



In this study, we focused on the sub-seasonal evolution of the climatological MT in the boreal summer over WNP. Previous studies found that the WNP MT varied over multiple timescales, ranging from synoptic to interannual and interdecadal timescales [1,22,23]. Various atmospheric and coupled atmosphere–ocean models have been used to predict the WNP monsoon variabilities [24,25]. Given that the multi-scale variabilities evolve under the unique WNP climate mean state, it is conceivable that good predictive skill relies on the successful simulation of the temporally evolving climatological mean state. It is anticipated that the advance of the current understanding of the sub-seasonal evolution of the monsoon trough would help to diagnose the model errors and improve the representation of model physics, so that the prediction skill of the MT and its variability can be increased.



While the current study emphasizes the importance of air–sea interaction and internal atmospheric dynamics, it is worth mentioning that ocean dynamics may also play a role. The east of Indonesia is subject to the reflection of the Rossby waves in response to the tropical wind stress forcing [26]. These waves may induce a significant change in the ocean thermocline in WNP, resulting in the eastward extension of the warm pool and precipitation. This possibility will be explored in future endeavors.
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Figure 1. Hovmoller diagrams of climatological pentad mean (a) precipitation (unit: mm/6 h), (b) zonal wind (unit: ms−1) at 850 hPa, and (c) SST (unit: °C), averaged over 10° N–15° N, based on observational data. The Y-axis unit is pentad (every 5 days, from June 1 to August 31). Data are derived from TRMM and ERA-interim for a 20-year period (1998–2017). 
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Figure 2. (a–d) Horizontal evolution (4 pentad mean) patterns of the precipitation (shading; mm/6 h) and wind field (vector; ms−1) at 850 hPa. The red straps show the eastward-extended low-level westerly. (e–h) Horizontal evolution patterns of SST (shading; °C). The interval is 0.1 °C. The red contour = 29.75 °C. The red and green circles in both the left and right panels denote the eastward-extending MT rainfall centers. Data are derived from ERA-interim and TRMM for a 20-year period (1998–2017). 
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Figure 3. Composite horizontal patterns of (a) SST tendency (    ∂ S S T   ∂ t    ), (b) net surface heat flux term (Qnet), (c) net surface shortwave radiation (Qsw), and (d) net surface latent heat flux (QLH) based on the reference precipitation centers from Figure 2a–c. All positive values denoting downward. The units of horizontal and vertical axes are degree, and color scale is 0.1 °C 20 day−1. The green circles (0, 0) represent the composite reference rainfall center at (123.7° E, 14° N). The black box area in (b) indicates the calculation area for pattern correlation. 
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Figure 4. Composite horizontal patterns of (a) observed moisture advection (shading; 10−5g/kg/s) and wind field (vector; ms−1) at 700 hPa; (b) divergence (shading; 10−5s−1) and zonal wind (contour; ms−1) at 925 hPa. The red circles (0, 0) represent the composite reference rainfall center. The composite is performed based on the eastward propagation stage from Pentad 1–4 to Pentad 9–12. 
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Figure 5. Hovmoller diagrams of climatological pentad-mean (a) precipitation (unit: mm/6 h), (b) zonal wind (unit: ms−1) at 850 hPa, and (c) SST (unit: °C) for the control experiments (CTL, left panel). (d–f) (right panel): Same as in (a–c) except for the Sensitivity experiments (FIX_SST). The averaged latitude strip for both CTL and FIX_SST is from 12° N to 17° N. 
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Figure 6. (a–d) Horizontal evolution (4 pentad mean) patterns of the precipitation (shading; mm/6 h) and 850 hPa wind (vector; ms−1) fields in CTL (left panel). (e–h) (right panel): Same as in (a–d) except in FIX_SST. Contours in the left panel represent SST (unit: °C), with the purple contour denoting 29.8 °C. The red straps show the eastward-extended low-level westerly. Red circles denote eastward-expanding MT rainfall centers. 
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Figure 7. Composite horizontal patterns of (a) lower-tropospheric (700 hPa) moisture advection (shading; 10−5g/kg/s) and wind (vector; ms−1) fields and (b) boundary-layer (925 hPa) divergence (shading; 10−5s−1) and zonal wind (contour; ms−1) fields in the FIX_SST experiments. The red circles represent the composite reference rainfall centers. 
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