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Abstract

:

The possible role of air–sea latent heat flux (LHF) in tropical cyclone (TC) genesis over the western North Pacific (WNP) is investigated using state-of-the-art satellite and analysis datasets. The authors conducted composite analyses of several meteorological variables after identifying developing and non-developing tropical disturbances from June to October of the period 2000 to 2009. Compared to the non-developing disturbances, increased LHF underlying the developing disturbances enhances boundary–layer specific humidity. The secondary circulation then transports more boundary–layer moisture inward and upward and, thus, induces a stronger moist core in the middle troposphere. Accordingly, the air in the core region ascends following a warmer moist adiabat than that in the environment and results in a stronger upper-level warm core, which is associated with a stronger near-surface tangential wind based on the thermal wind balance. This enlarges the magnitude and negative radial gradient of LHF and, thereby, further increases boundary–layer specific humidity. A tropical depression forms when the near-surface tangential wind increases to a certain extent as a result of the continuing positive feedback between near-surface wind and LHF. The results suggest an important role of wind-driven LHF in TC genesis over the WNP.
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1. Introduction


Although numerical weather prediction models have been significantly improved over the past few decades, forecasting tropical cyclone (TC) genesis is still an operational challenge. TC genesis remains one of the least understood phenomena in dynamic meteorology due to relative lack of in situ observations of pre-genesis systems compared to mature TCs and diverse theories for the involved fundamental physical processes [1,2,3].



Tropical disturbances over the ocean are the precursors of TCs, and a small portion of them evolve into TCs [4]. Tropical disturbances that develop into TCs are called developing disturbances while all others are called non-developing disturbances. The favorable environmental conditions for TC genesis generally contain warm ocean waters of above 26.5 °C, convective instability, moist mid-tropospheric air, weak vertical wind shear, a pre-existing low-level disturbance, and a location of at least a few degrees off the equator [5,6]. Previous studies compared various features of developing and non-developing disturbances. Developing systems were associated with significantly stronger low-level relative vorticity, upper-level divergence and vertical motion, weaker vertical wind shear, and more import of relative angular momentum [7,8]. Lee [9,10] further attributed stronger lower-level cyclonic circulation of developing systems to larger inward eddy vorticity fluxes associated with stronger surrounding large-scale circulation, such as monsoon trough, low-level trades and wind surges. In addition to the above large-scale environment, Chan and Kwok [11] also identified the roles of upper-level troughs (the Tropical Upper-Tropospheric Trough or westerly trough) in TC genesis. Through the comparison of various factors, dynamic factors, such as low-level vorticity and horizontal shear of zonal wind, were shown to be more important in TC genesis over the western North Pacific (WNP) and South China Sea [12,13] while thermodynamic variables, such as lower and middle tropospheric moisture and sea surface temperature (SST), were more important in TC genesis over the North Atlantic [14].



Recent studies have utilized satellite, radar, or dropsonde data. Compared to non-developing disturbances, developing disturbances were found to be associated with higher latent heat release [15], lower saturation deficiency in middle troposphere [16], progressive middle-level moistening in the inner-core region [16,17], low-level convergence and cyclonic vorticity and high total precipitable water [18], deeper convection [19,20], larger rainfall area [21], development of upper-level warm core [22,23,24] yet lower convective available potential energy [22]. TC genesis was also suggested to result from the combined contribution by different precipitation types associated with shallow cumulus, mid-level convection, and deep convection [25].



Theoretically, air–sea latent heat flux (LHF) is the primary energy source fueling TC development, e.g., [26,27]. Emanuel [27] proposed the famous wind-induced surface heat exchange (WISHE, also known as the wind-evaporation feedback) theory for TC development. Although local evaporation only contributes a small fraction of the total condensation in a simulated TC [28], Murthy and Boos [29] showed that surface enthalpy fluxes and their negative radial gradients were necessary for TC spinup using idealized simulations. A few studies have shown the crucial role of LHF in TC intensification using observation data, e.g., [30,31,32,33,34,35,36]. However, as none of the observational studies have examined the role of LHF in TC genesis, it is, therefore, of great interest to compare LHF as well as several related dynamic and thermodynamic variables associated with developing and non-developing tropical disturbances over the WNP based on state-of-the-art satellite and analysis datasets. The remainder of the paper is organized as follows. Section 2 describes the data and methods. Composite results are presented in Section 3. Conclusions and discussion are given in Section 4.




2. Data and Methods


2.1. Data


TC best track data are obtained from the Joint Typhoon Warning Center (JTWC). The dataset provides 6-hourly estimates of TC locations and 1-min maximum sustained wind speeds over the WNP starting from the tropical disturbance stage.



Ocean surface vector winds are acquired from the Cross-Calibrated Multi-Platform (CCMP) version 2 (V2) dataset [37] produced by the Remote Sensing Systems (RSS). It is a 6-hourly and 0.25-degree product combined using a variational analysis method [38]. Data sources include version-7 RSS radiometer wind speeds from the Advanced Microwave Scanning Radiometer for Earth Observing System (AMSR-E), the Special Sensor Microwave/Imager (SSM/I), the Tropical Rainfall Measuring Mission’s Microwave Imager (TMI), and the WindSat, version-7 RSS scatterometer wind vectors from the Quick Scatterometer (QuikSCAT) and the Advanced Scatterometer (ASCAT), moored buoy wind data, and the European Center for Medium-Range Weather Forecasts (ECMWF) ReAnalysis Interim (ERA-Interim) wind fields. CCMP version 1.1 product [37] was found to underestimate high winds (>17 m s−1) under TC conditions [39]; however, CCMP V2 product is much improved at high winds [37]. In addition, our focus is the tropical disturbance/depression stage with winds weaker than 17 m s−1, CCMP V2 dataset is, therefore, appropriate for this study.



Daily LHF and associated bulk variables are obtained from the IFREMER (The Institut Français de Recherche pour l’Exploitation de la Mer) v3 (IFREMER3) satellite-based product at a 0.25-degree resolution [40]. LHF is computed using the COARE 3.0 bulk aerodynamic algorithm [41].


LHF=ρaLvCEU(Qs−Qa),



(1)




where ρa is air density, Lυ is latent heat of vaporization, CE is turbulent exchange coefficient for latent heat, U is wind speed at 10 m, Qs is 98% of saturation specific humidity at the SST accounting for salinity effect, and Qa is specific humidity at 10 m. The input bulk variables U is from the QuikSCAT winds, SST is from the Reynolds daily Optically Interpolated (OI) SST, and Qa is estimated from the SSM/I brightness temperatures. In the tropics, the bias and root-mean-square error of LHF are 2 and 31 W m−2, respectively [40].



Daily mean specific humidity, temperature, and three-dimensional wind fields are derived using the National Centers for Environmental Prediction (NCEP) Final (FNL) analysis at the resolutions of 1.0° and 6 h [42]. The FNL data is chosen in this study because it is the most commonly used dataset for synoptic-scale TC studies, e.g., [34,43]. It has been shown to outperform the other modern reanalyses/analyses, such as the NCEP Climate Forecast System Reanalysis (CFSR), the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) and the Japanese 55-year Reanalysis (JRA-55), in representing structure and intensity of a hurricane case [44]. FNL may well represent tropical disturbances/depressions due to assimilation of numerous observational data including scatterometer/radiometer winds from QuikSCAT, ASCAT, WindSat, and SSM/I [45], although it underestimates high winds (>17 m s−1) under TC conditions [43].



Our study period is June to October of 2000–2009, during which all the above-mentioned four datasets were available.




2.2. Methods


Similar to [12,14], two groups of tropical disturbances over the tropical WNP (130–180° E, 5–25° N), i.e., developing and non-developing disturbances, are identified using daily mean CCMP 10-m vector winds and the derived relative vorticity. This study area is chosen to avoid the influence of topography and in consideration of enough Coriolis force for the development of tropical disturbances. Four aspects are different from [12,14]. First, the 3 to 8-day band-pass filter is not used before the identification, because our concern is the variables that may play roles in TC genesis regardless of the time scales. Second, given the cyclonic circulation center and the location of maximum relative vorticity do not always overlap [46], the disturbance center is defined as the cyclonic circulation center where exists a wind minimum surrounded by a cyclonic circulation, as wind is an important variable to be analyzed. Third, we designate day 0 of non-developing disturbances as the time they have the maximum 10-m relative vorticity, to unravel what happens before day 0 to inhibit the development. Fourth, the threshold of maximum 10-m relative vorticity for excluding weak non-developing disturbances is different from [12,14]; it is obtained with sensitivity tests to make the intensity of non-developers at day −3 be similar to that of developers.



The identification of developing disturbances is straightforward. Based on the best-track data, we designate day 0 as the genesis day when a TC is first assigned as a tropical depression by the JTWC and one day after genesis (day +1) is also identified. The disturbances are then subjectively traced backward three days before genesis (i.e., day −1, −2, and −3). The disturbance center at the TC genesis day or the previously identified disturbance center is used as the first guess [46]. A radius of 1000 km is used to search the disturbance center on the previous day, given the displacement velocity of less than 10° longitude per day for tropical disturbances [47]. In case there are multiple circulation centers for weak precursors, the circulation center closest to the maximum 10-m relative vorticity is selected.



The identification of non-developing disturbances requires three criteria: (1) the radius of the cyclonic circulation ≥400 km; (2) the maximum 10-m relative vorticity ≥3 × 10−5 s−1, and (3) the fulfillment of the first two criteria for at least three consecutive days. Short-lived and weak disturbances are, therefore, omitted. The radius of a cyclonic circulation is defined as the outermost radius where the 10-m winds of the four grid points to the east, south, west, and north of its center are cyclonic (i.e., unorth <0 & usouth >0 & veast >0 & vwest <0). As with the identification of developing disturbances, we use a maximum displacement velocity of 1000 km per day to ensure that the centers of a single disturbance are followed during its lifespan. We designate day 0 as the time of the lifetime maximum intensity for non-developing disturbances.



During our study period, 75 developing disturbances are identified and 45 non-developing disturbances. Their tracks are indicated in Figure 1. There are some straight-moving disturbances follow westward paths, which are not rare for tropical disturbances. The smaller number of non-developing disturbances than developers is because lots of weak or short-lived non-developing disturbances are intentionally excluded to make sure two groups of disturbances have similar initial intensity for fair comparison. Figure 2 shows the time series of intensity for the developing and non-developing disturbances, which is defined as the mean 10-m relative vorticity within 2° from the center. The different numbers of samples during the five days are due to different lifespans of the disturbances. Both groups of disturbances have similar intensity at day −3 and −2 without significant differences. The developing group intensifies progressively from day −3 to day +1, while the non-developing group intensifies until day 0 and then decays. The difference in intensity between the two groups becomes significant from day −1 to day +1, indicating that some physical processes for the non-developing (developing) disturbances hinder (favor) the TC genesis since day −1. Figure 3 shows the time series of magnitude of 850 to 200-hPa vertical wind shear averaged within 200 to 800 km from the center, which is the most commonly used area for shear calculation, e.g., [33,34,43]. Shear averaged within other areas shows similar results. The shear is calculated after removing the vortex following [48]. The non-developing disturbances are associated with similar shear to the developers at day −3 and day −2. After that, the developing disturbances have larger shear than the non-developers, and their difference is significant only at day +1. It is suggested that wind shear is not a key variable determining whether the tropical disturbances develop, consistent with [12].



LHF, as well as several dynamic and thermodynamic variables in 16° × 16° boxes around the disturbance center, are then composited to ascertain the differences between the developing and non-developing disturbances and understand the critical physical processes responsible for TC genesis. Composites are performed at day −3, −2, −1, 0 and +1 for both groups of disturbances.





3. Results


3.1. LHF and Bulk Variables


Composite LHF is shown in Figure 4. For the developing disturbances, LHF increases markedly during the five-day period (Figure 4a–e). Compared to the non-developers, the developing disturbances (Figure 4f–j) are associated with comparable LHF within a radius of 4° but significantly higher LHF outside a radius of 5° from day −3 to day –2, and have significantly higher LHF at all radii within 8° from day −1 to day +1 (Figure 4k). This suggests that LHF plays important roles in TC genesis; its significant role first occurs in the outer region and then intrudes into the inner region. The maxima of radial mean LHF associated with the developing disturbances are located at three degrees from the center from day −1 to day +1, closer to the center than the earlier stages of their evolution (Figure 4k). The developing disturbances apparently show the larger negative radial gradients in LHF between the radius of maximum LHF and the outer region than the non-developers (Figure 4k,l), consistent with [29] which showed the importance of the negative radial gradients in enthalpy flux for TC spinup using idealized simulations. Rapidly intensifying TCs are also associated with a sharper radial gradient in LHF compared to non-rapidly intensifying TCs [33].



Since LHF is proportional to SST and surface wind speed, e.g., [33,34], both of them are then analyzed. Figure 5 shows the composite SST from IFREMER3. SST shows a slight decrease from day –3 to day +1 for the developing disturbances (Figure 5a–e). This is different from the increasing tendency of LHF during the five-day period (Figure 4a–e). The non-developing disturbances are associated with slightly higher SST than the developing disturbances from day −1 and day +1 (Figure 5k,l), possibly because developing disturbances gradually move to the higher latitudes (not shown) and attain more heat from the ocean via higher LHF (Figure 4). However, their differences in SST are insignificant during the five-day period (Figure 5k). Note that SSTs underlying the developing and non-developing disturbances are much higher than the necessary condition of 26.5 °C for TC genesis [5,6]. This suggests that SST does not play a crucial role in higher LHF associated with the developing disturbances compared to the non-developers.



Figure 6 indicates the composites of 10-m wind speed from IFREMER3. The CCMP 10-m wind speed is also composited and shows very similar pattern (not shown). Similar to LHF (Figure 4), 10-m wind speed of the developing disturbances increase markedly (Figure 6a–e), while the changes in wind speed of the non-developers are rather small during the five-day period (Figure 6f–j). Compared to the non-developers, the developing disturbances have comparable winds within a radius of 3° (4°) but significantly stronger winds outside a radius of 4° (5°) at day −3 (−2), and have significantly stronger winds at all radii within 8° from day −1 to day +1 (Figure 6k,l). Radial mean wind speed (Figure 6k,l) also shows a similar distribution to LHF (Figure 4k,l); the radius of maximum wind shrinks as TC genesis proceeds (Figure 6k) while the radius of maximum wind barely changes for the non-developers (Figure 6l). The results suggest the critical role of winds in determining magnitude and pattern of LHF underlying two groups of disturbances. The effect of winds takes place in the outer region two to three days before TC genesis and then extends to the inner region when the disturbances strengthen. As shown in Figure 7, the stronger surface winds initially in the outer region of the developing disturbances are likely associated with the confluence zone of a monsoon trough (Figure 7a–e), while the non-developers seem to move away from the monsoon trough and the monsoon trough gets weaker during the five-day period (Figure 7f–j). This is consistent with the findings that monsoon trough is favorable for TC genesis, e.g., [46,49,50,51,52,53,54,55,56]. The results suggest that the wind-evaporation feedback (i.e., WISHE) is likely an important pathway of TC genesis. This is different from a more crucial role of SST than 10-m winds in determining high LHF underlying rapidly intensifying TCs [33,34].




3.2. Thermodynamic and Dynamic Profiles


To confirm the role of the wind-evaporation feedback in TC genesis, the profiles of several related meteorological variables are further examined. Because the values of specific humidity and temperature are in wide ranges throughout the troposphere, we composite their anomalies, which are obtained by subtracting the mean soundings over the tropical WNP, to better illustrate the differences between two groups of disturbances. The mean soundings of temperature and specific humidity (not shown) are calculated over the region (130°–180° E, 0°–25° N) during our study period using the FNL data. Figure 8 indicates the composite radius–height cross sections of azimuthal-mean specific humidity anomalies and their inner-core (within 2°) mean profiles. Both groups of disturbances exhibit the moist cores, consistent with the moist cores of TCs from satellite observations, e.g., [33]. Specific humidity anomalies for both groups maximize in the middle troposphere (i.e., 700–600 hPa). The moist core generally becomes stronger as the developing disturbances evolve from day −3 to day +1 (Figure 8a–e) while the moist core of non-developers shows a sharp decrease from day −3 to day −2 and then never recovers (Figure 8f–j). The moist cores of the developing disturbances are significantly stronger than those of the non-developers from day −2 to day +1 (Figure 8k,l). This suggests the important role of inner-core mid-level moistening in TC genesis, which is in line with previous studies [16,17,23,57,58]. In addition, the developing disturbances are always associated with moister boundary layer in the outer region than the non-developers during the five-day period.



The inner-core mid-level moistening for the developing disturbances can result from the increasing inward and upward moisture transports by the secondary circulation (Figure 9a–e and Figure 10a,b). The relative magnitudes of boundary-layer specific humidity (Figure 8k) are consistent with those of LHF (Figure 4k) during the five-day period despite of different locations of their radial maxima, indicating that higher boundary-layer specific humidity approaching genesis is likely attributed to the inward and upward transports of larger oceanic evaporation (i.e., LHF) by the secondary circulation (Figure 10a,b). Variations of LHF (Figure 4l) and moisture transports (Figure 9f–j and Figure 10c,d) are also in line with the change in specific humidity (Figure 8l) for the non-developers.



The composite profiles of temperature anomalies and wind fields are shown in Figure 11 and Figure 12, respectively. Both groups of disturbances have the maximum warm cores at 300 hPa (Figure 11), consistent with the theoretical calculation of Emanuel [27]. The upper-level warm cores of the developing and non-developing disturbances at day −3 have comparable strength of approximately 1 K (Figure 11a,f) with no significant difference (Figure 11k,l). The warm core of developing disturbances then keeps strengthening and reach the strength of approximately 2 K at day 0 and approximately 2.5 K at day +1 (Figure 11b–e). The upper-level warm-core strength of the non-developing disturbances gradually weakens during the five-day period although their lower-level warm core slightly strengthens since day 0 (Figure 11f–j). Furthermore, the warm cores of the developing disturbances are significantly stronger than those of the non-developing disturbances from day −1 to day +1 (Figure 11k,l). Based on the thermal wind balance, e.g., [27,59], the strengthening of the warm core is associated with an increase in the maximum tangential wind at the top of the boundary layer (Figure 12a–e). Turbulent mixing processes in the boundary layer, e.g., [60], further transfer this wind increase to the surface (Figure 12a–e) and leads to TC genesis. The strengthening of the upper-level warm core for the developing disturbances is consistent with [22,23,24] and resembles the WISHE paradigm described by Dolling and Barnes [61] in their Figure 10. That is, the air in the core region ascends (Figure 12) along a warmer moist adiabat compared to that in the environment (due to the existence of a moist core as shown in Figure 8), leading to the maximum warm core in the upper troposphere (Figure 11).





4. Conclusions and Discussion


We investigate the effects of LHF in TC genesis over the WNP using state-of-the-art satellite and analysis datasets at the first attempt. Developing and non-developing tropical disturbances over the WNP were identified. Composite analyses of several variables show that LHF plays an important role in the development of tropical disturbances into tropical depressions (i.e., TC genesis), although local evaporation is shown to only account for a small fraction of the total condensation in the TC genesis process [28]. Compared to the non-developing disturbances, the developing disturbances of similar initial intensity are associated with stronger winds in the outer environment at three to two days before genesis. This leads to an increase in LHF and, thus, an increase in boundary–layer specific humidity therein. Larger inward and upward moisture transports associated with the secondary circulation result in a stronger middle-level moist core at two days before genesis. Air in the core region rises along a warmer moist adiabat than that in the environment, giving rise to a stronger upper-level warm core at two to one day before genesis. The stronger warm core is associated with a stronger surface tangential wind based on the thermal wind balance. This enlarges the magnitude and negative radial gradient of LHF and, therefore, further increases the boundary-layer specific humidity both in the inner region and outer environment. TC genesis eventually occurs as the positive feedback between surface wind and LHF continues. In general, our observational results agree with the WISHE theory [27] and the modelling work by Murthy and Boos [29].



Our observational finding on the role of surface winds in enhancing LHF and, thus, favoring WNP TC genesis is worthy to be verified using numerical simulations. Larger moisture transports associated with the stronger secondary circulation and higher LHF for the developing disturbances imply that the positive feedback between primary circulation, secondary circulation, and LHF is important for TC genesis, as suggested by Fritz and Wang [28]. Their relative importance warrants further thorough investigation. Besides the role of boundary–layer processes considered in this study, other factors, such as dry-air intrusion, large-scale subsidence, suppressing deep convection, etc., may also contribute to the weakening of moist core for the non-developing disturbances and, thus, hinder TC genesis. Future works are needed to distinguish their roles in TC genesis using numerical experiments.
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Figure 1. Tracks of developing (red) and non-developing (blue) disturbances from June to October of 2000 to 2009. 
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Figure 2. Composite time series of intensity for the developing and non-developing disturbances from Day −3 to Day +1. The bars denote standard deviations. The filled markers represent significant differences at the 0.05 level between the developing and non-developing disturbances at same day based on Student’s t-test. The red (blue) numbers are number of samples for the developing (non-developing) disturbances. 
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Figure 3. Same as Figure 2, but for vertical wind shear (m s−1). 
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Figure 4. Composite latent heat flux (LHF) (W m−2) for the developing disturbances at (a) Day −3, (b) Day −2, (c) Day −1, (d) Day 0, and (e) Day +1, and for the non-developing disturbances at (f) Day −3, (g) Day −2, (h) Day −1, (i) Day 0, and (j) Day +1, and radial means for the (k) developing and (l) non-developing disturbances. The red pentagrams denote the disturbance centers. The bars in (k,l) denote standard deviations. The filled markers in (k) represent significant differences at the 0.05 level between the developing and non-developing disturbances at the same day based on Student’s t-test. 
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Figure 5. As in Figure 4, but for The Institut Français de Recherche pour l’Exploitation de la Mer v3 sea surface temperature (IFREMER3 SST) (°C). 
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Figure 6. As in Figure 4, but for IFREMER3 10-m wind speed (m s−1). 
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Figure 7. Composite 850-hPa wind fields (vector, m s−1) and wind speeds (shading, m s−1) for developing disturbances at (a) Day −3, (b) Day −2, (c) Day −1, and (d) Day 0, and (e) Day +1, and for non-developing tropical disturbances at (f) Day −3, (g) Day −2, (h) Day −1, (i) Day 0, and (j) Day +1. The red pentagrams denote the disturbance centers. 
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Figure 8. Composite radius–height cross sections of azimuthal-mean specific humidity anomalies (g kg−1) for the developing disturbances at (a) Day −3, (b) Day −2, (c) Day −1, (d) Day 0, and (e) Day +1, and for the non-developing tropical disturbances at (f) Day −3, (g) Day −2, (h) Day −1, (i) Day 0, and (j) Day +1, and inner-core (within 2°) mean profiles for the (k) developing and (k) non-developing disturbances. The bars in (k,l) denote standard deviations. The filled markers in (k) represent significant differences at the 0.05 level between the developing and non-developing at the same day based on Student’s t-test. 
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Figure 9. Composite radial profiles of moisture transport q V→ (vector) and its magnitude qVr2+w2 (shading) (g cm−1 s−1 hPa−1) for developing tropical disturbances at (a) Day −3, (b) Day −2, (c) Day −1, (d) Day 0, and (e) Day +1, and for non-developing tropical disturbances at (f) Day −3, (g) Day −2, (h) Day −1, (i) Day 0, and (j) Day +1. 
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Figure 10. 1000−850 hPa vertically integrated (a) radial moisture transport −1g∫8501000qVrdp (kg m−1 s−1) and (b) vertical moisture transport −1g∫8501000qwdp (10−2 kg m−1 s−1) for the developing disturbances as well as (c) radial and moisture transport −1g∫8501000qVrdp (kg m−1 s−1) and (d) vertical moisture transport −1g∫8501000qwdp (10−2 kg m−1 s−1) for the non-developing disturbances. The bars denote standard deviations. The filled markers in (a) and (b) represent significant differences at the 0.05 level between the developing and non-developing disturbances at the same day based on Student’s t-test. 
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Figure 11. As in Figure 8, but for temperature anomalies (K). 
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Figure 12. Composite radial profiles of radial wind and vertical velocity (vector, m s−1) and tangential wind (shading, m s−1) for developing disturbances at (a) Day −3, (b) Day −2, (c) Day −1, and (d) Day 0, and (e) Day +1, and for non-developing tropical disturbances at (f) Day −3, (g) Day −2, (h) Day −1, (i) Day 0, and (j) Day +1. 
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