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The Upper Chagres River Basin plays an important role in the stable operation of the Panama Canal. Previous studies have shown that there is a salient regional difference in the diurnal variation of precipitation in the basin. Precipitation during the rainy season peaks in the early afternoon throughout the basin, but precipitation is also observed in the morning at sites in the northern part of the basin. However, the cause of this is not clear due to limited ground observation. To address this issue, we conducted dynamical downscaling experiments with a horizontal grid spacing of 5 and 2 km and nested in a global atmospheric model with horizontal grid spacing of approximately 20 km. The results showed that the 2 km convection-permitting model successfully reproduced regional differences in observed diurnal variations. The downscaled results indicated that intensified low-level northeasterly winds over the southern Caribbean Sea triggered favorable conditions for morning rain with an orographic effect under the seaside coastal regime in the western Caribbean Sea. This is in contrast to precipitation peaks in the early afternoon under a landside coastal regime.
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1 INTRODUCTION
The climate in the tropics is characterized by strong diurnal variations of precipitation. A diurnal change in precipitation is the main driver of various daily variations in the hydrologic cycle, and it is important to investigate these regional characteristics and underlying physical mechanisms. Therefore, many studies have been conducted on this topic (e.g., Yang and Slingo (2001); Ohsawa et al., 2001; Kikuchi and Wang, 2008). For example, Mori et al. (2004) analyzed the diurnal cycle of precipitation over Sumatra Island and the Indonesian maritime continents using the Tropical Rainfall Measuring Mission (TRMM) satellite and rawinsonde sounding data. This study showed that convective precipitation with a peak occurred in the late afternoon over the land regions of Sumatra Island, whereas rainfall occurred in the early morning over the surrounding sea region. They also found that a precipitation peak emerges near the coast in the early morning and then migrates offshore. This feature around Indonesia is confirmed by a number of papers (e.g., Fujita et al., 2013) and in other tropical coastal areas (e.g., Houze et al., 1981; Mapes et al., 2003; Ichikawa and Yasunari, 2008).
The Panamanian climate also shows a strong diurnal variation. Panama is located between the Caribbean Sea and the Pacific Ocean, and its climate is influenced by various large-scale phenomena such as the El Niño-Southern Oscillation (ENSO) and tropical lower jet. Wet and dry seasons are observed as the Inter-Tropical Convergence Zone (ITCZ) shifts (e.g., Nakaegawa et al., 2014a; 2015). In the vicinity of Panama, diurnal cycles have been mainly analyzed based on satellites and numerical simulations. Sorooshian et al. (2002) investigated daily changes in tropical precipitation intensity using precipitation estimation from remote sensing information and an artificial neural network system. They showed that strong convective precipitation predominates from morning to late afternoon south of the Isthmus of Panama in the summer, whereas there is a peak in the morning over the waters north of Panama. Over land, the convective cycle is concentrated between 14–18 local time (LT). Mapes et al. (2003) showed differences in the daily summer precipitation cycle between land and the Caribbean and Pacific coasts, which were generally reproduced in the short-term integrated results using a regional model (Warner et al., 2003). In Costa Rica, an analysis of TRMM showed that convective activity peaks in the afternoon in many areas, except along the Caribbean coast (Rapp et al., 2014).
On one hand, precipitation over land tends to have a maxima in the late afternoon and early evening, whereas precipitation over the open ocean tends to be maximal in the early morning. On the other hand, the diurnal cycle is known to be complicated in coastal areas (Xie et al., 2006; Biasutti et al., 2012). Kikuchi and Wang (2008) identified three regimes of global tropical diurnal precipitation according to the amplitude, peak time, and phase propagation characteristics of diurnal precipitation. According to their analysis, Panama is categorized as part of the landside coastal regime with landward phase propagation and peaks occurring from noon to evening. As shown in the analysis using satellite-based observations and numerical simulations, Nakaegawa et al. (2019) revealed that the diurnal cycle of precipitation at four rain gauges located in the Upper Chagres River Basin peaks in the early afternoon. However, they also showed that there are salient regional differences in the diurnal cycle even over land. They demonstrated that Chamon and Esperanza, which are located in the northern part of the Upper Chagres River Basin, have morning rain and afternoon precipitation peaks. However, the factors that are responsible for this have not been clarified. According to the ground observation data utilized by Nakaegawa et al. (2019), the morning rain (00-12 LT) in August accounts for 45%–50% of the daily precipitation at stations in the northern part of the Upper Chagres River Basin. Therefore, it is very important to investigate the factors responsible for regional differences in the diurnal cycle of precipitation to consider the stable operation of the Panama Canal.
In this study, we identify the regional characteristics of diurnal changes in precipitation in Panama and the factors that contribute to these differences. For this purpose, we analyze the results of dynamical downscaling products using a regional model for the vicinity of Panama.
2 DATA AND MODEL
In this study, 5-km and 2-km grid spacing non-hydrostatic regional climate model systems (NHRCM; Sasaki et al., 2011; Ishizaki et al., 2012) were used (Figure 1). NHRCM was developed based on the operational forecast model, which is intended for simulation of the long-term climate (Sasaki et al., 2011). The Kain–Fritsch convective parameterization scheme (Kain and Fritsch, 1993) was used for the NHRCM with 5-km grid spacing (NHRCM05), while the NHRCM with 2-km grid spacing (NHRCM02) was employed as a convection-permitting model. The cloud microphysical scheme used in NHRCM consists of cloud ice, snow, and graupel (Ikawa and Saito, 1991) based on Lin et al. (1983). Further details can be found in Saito et al. (2001). The MRI-JMA Simple Biosphere scheme (MJ-SiB) was implemented to simulate the land surface hydrological process, land surface temperature, and snow depth (Hirai et al., 2007) and is suitable for long-term simulations. A 20-year time-slice experiment (from 1980 to 2000) was conducted using the one-way nesting method. Experiments were conducted for 13-month periods every year starting on December 1, while the first month was excluded as a spin-up period. We first employed NHRCM05, which was driven by a 20-km grid spacing atmospheric general circulation model (MRI-AGCM3.2; Mizuta et al., 2006), and then, NHRCM02 was nested into NHRCM05. This type of modeling system and experimental setups have already been applied to the Philippines (Cruz et al., 2016), Vietnam (Kieu-Thi et al., 2016), Thailand (Takayabu et al., 2021), and Japan (e.g., Kawase et al., 2020). The fundamental evaluation of model performances is described in Pinzón et al. (2021). A comparison with the satellite-based observation revealed good performance of NHRCM in representing the seasonal variation of surface air temperature and precipitation.
[image: Figure 1]FIGURE 1 | Calculation domains for NHRCM05/02 (A) and locations of rain gauge stations (B). The colors indicate elevation.
Three-dimensional outputs of the MRI-AGCM3.2 with 12 vertical layers were also used in the analysis. It is important to note that the horizontal grid spacing of the data was aggregated to 1.25-degree and the temporal interval was 6 h. The atmospheric data on the pressure level were also utilized from the Japanese 55-year Reanalysis or JRA-55 (Kobayashi et al., 2015).
Hourly precipitation data at seven rain gauge stations (Table1; Nakaegawa et al., 2019) were utilized as observations. The dynamical downscaling domain and gauge stations are shown in Figure 1.
TABLE 1 | List of rain gauge stations and data periods used in this study. The location column shows whether the area is located north or south of 9.3°N.
[image: Table 1]3 RESULTS
To confirm whether the NHRCMs reproduce the diurnal variation in precipitation at observation stations in each month, we compared simulated precipitation at the nearest grid with an observation (Figure 2). At Dos Bocas (DBK) and Esperanza (EZA) in the northern part of the basin, significant precipitation is observed from April to December, with a precipitation peak around 14 local time (LT) in May to October. As demonstrated by Nakaegawa et al. (2019), precipitation also occurred in the morning, especially in the early rainy season. Similar precipitation patterns were also observed in Chamon (CHM), while in Rio Piedras (RPAC), Vistamares (VTM), Chico (CHI), and Arca Sonia (ARC), which are located in the southern part of the basin, precipitation peaks occurred around 14 LT and morning rain was rarely observed. NHRCM05 overestimated both the magnitude and duration of afternoon precipitation, which is considered the main cause of total precipitation overestimation, and a precipitation peak was slightly later than that observed. Precipitation was also represented in the morning during the rainy season at DBK, EZA, and CHM, but the amount of precipitation was relatively low compared to the afternoon peak. Furthermore, morning rain was found in NHRCM05 even in the southern part of the basin where morning rain is rarely observed. Morning rains were clearly shown in the beginning (April) and end (November) of the rainy season in NHRCM05, which is different from the observed feature. NHRCM02 showed a shorter duration of afternoon precipitation than NHRCM05 (Figure 2). Precipitation peaks occurred about one or two hours later than observed in many stations, but precipitation amounts were comparable to those observed, except in the southern part of the basin. Furthermore, morning rain observed in the northern part of the basin during the first half of the rainy season was also well reproduced. Figure 3 shows the diurnal variation in precipitation in August. As described previously, NHRCM05 has prolonged afternoon precipitation, which results in an excess of total precipitation. The peak time of precipitation is delayed by an hour or two from that observed at many stations, and the beginning of precipitation is also earlier. However, NHRCM02 generally reproduces good precipitation duration and peak precipitation amounts in the northern part of the basin. In the southern part of the basin, peak precipitation is more excessive than in NHRCM05. Although the amount of precipitation was larger than the observation, the diurnal change and regional differences were represented in NHRCM05 and NHRCM02. This indicates that the factors that bring local morning rain over land may also be reproduced in the numerical model.
[image: Figure 2]FIGURE 2 | locations and elevation of NHRCM05 (A) and NHRCM02 (B). The climatological diurnal change of precipitation in each month at the stations for rain gauges, NHRCM05, and NHRCM02 (C–W). The shades indicate hourly precipitation.
[image: Figure 3]FIGURE 3 | Climatological diurnal change of precipitation in August. The black line indicates the observation, and the red (blue) line is derived from NHRCM02 (NHRCM05).
We analyzed the atmospheric features in days when local morning rain occurred in the northern part of the headland of Panama (domain A in Figure 4; 79.2–79.7°W, 9.4–9.6°N). This area belongs to the province of Colon. We constructed the much morning rain-day composite (MRcomp) as defined when the precipitation in domain A for 07–12 LT exceeds 1 mm, while the not much morning-rain-day composite (NRcomp) consists of days with morning rain less than 0.1 mm. The sample sizes of MRcomp and NRcomp in August were 81 and 284 days, respectively. Figure 4 shows the characteristics of composited precipitation and surface wind at different times of the day for MRcomp and NRcomp. In the late afternoon prior to the occurrence of morning rain, there is less precipitation over land in MRcomp than in NRcomp (Figures 4B,C). The northeasterly winds from the Caribbean Sea are remarkably stronger in MRcomp. Compared with NRcomp, precipitation in MRcomp was larger over the Caribbean Sea, whereas it was less over the Pacific Ocean. In the early morning, the surface winds over the Caribbean Sea are enhanced in MRcomp, which is associated with an intense northeasterly over the eastern Caribbean Sea along the coast (Figures 4D,E). The precipitation area with a peak over the coastal region extends over land in the northern headland of Panama. Precipitation tends to be high off the Gulf of Panama coast during morning rain events. The coastal precipitation over the Caribbean Sea was relatively high even in 07–12 LT (Figure 4G). Strong northeasterly winds continued until evening (Figure 4I). The precipitation mainly occurs over land at this time, and the precipitation pattern was similar between MRcomp and NRcomp. The long-lasting and strong northeasterly winds over the Caribbean Sea characterize the MRcomp.
[image: Figure 4]FIGURE 4 | Red area indicates domain A (79.2–79.7°W, 9.4–9.6°N), where the morning rain was calculated (A). Composite analysis of the modeled precipitation and surface wind of NHRCM02 for NRcomp [center column; (B, D, F, H)] and MRcomp [right column; (C, E, G, I)].
To examine wind changes in the surrounding region, 2-day composites were created prior to the morning rain event. We detected the day if the morning rain in domain A of the day exceeded 1 mm and the morning rain of the day before did not exceed 1 mm. The sample size was 59 cases. The longitude-time cross sections are shown in Figure 5. From a climatological view, easterly winds are predominant and have a pronounced daily variation with a maximum at 04–06 LT in the east of the headland of Panama over the Caribbean Sea (Figure 5B). At its peak, this easterly wind extended to the western part of the headland. Westerly winds are dominant in the western Caribbean Sea for the rest of the day, and the westerly extends from the western Caribbean Sea to near the Panama Canal for 14–18 LT. Thus, on this cross section, the prevailing wind direction and its peak are different on the east and west sides of the headland. Northerly winds are enhanced from 18 LT to midnight over the Caribbean Sea, while on land, weak southerly winds prevail around 00–08 LT (Figure 5C). When morning rain occurs, an anomalous easterly was dominant more than 24 h before the occurrence of the morning rain over the Caribbean Sea (Figure 5B, day-1). Anomalous easterly winds extend into 82°W, where the westerly wind normally prevails. The easterly wind anomalies amplified the diurnal change of the easterly winds as the anomaly was intensified in the morning and weakened in the afternoon. After 18 LT of day-1, the westerly wind anomalies began to strengthen over the western Caribbean Sea. This leads to intensified convergence over land together with amplified easterly winds, which may contribute to the onset of morning rain from midnight to early morning. The anomalous northerly is synchronously intensified with the easterlies more than 24 h prior to the occurrence of morning rain (Figure 5C, day-1).
[image: Figure 5]FIGURE 5 | Two-day composited precipitation and winds of the longitude–time section at 9.5° N when the morning rain was >1 mm on day0 and <1 mm on day-1. Surface winds (arrows) and precipitation (shading) are shown in (A). Anomalous easterly and northerly wind speeds are denoted by the shading in (B) and (C), which is overlaid on the climatological wind speed indicated by the contours. Arrows in (B) and (C) indicate the anomalous surface winds when the anomalous wind speeds exceed 1 m/s.
To confirm the strengthening wind speed from a large-scale view, a composite analysis was performed for the MRI-AGCM3.2, which drove the NHRCMs. Figure 6 shows the vertical profiles of northerly and easterly winds at 80°W. When no morning rain was observed, the axis of the strong easterly wind was located around 15°N, and the westerly wind was blowing at a lower level around Panama (Figure 6A). When morning rain occurs, the strong easterly winds shift toward Panama (Figure 6B). Intensification was especially remarkable in the lower levels. In addition, northerly winds in the lower levels were also very enhanced north of Panama. Northerly wind speeds exceeded more than twice the speed of those in NRcomp. We analyzed the correlation coefficient of 925 hPa wind speeds with the morning rain over domain A to confirm the spatial extent of the relationship, as shown in Figure 7. The correlation was calculated using daily mean wind speeds and morning rain (7–12 LT) on the corresponding day. Although the morning rain occurred in a small area, the correlation map showed an apparent relationship with lower wind speeds, as expected from the composite analysis in Figure 6. Figure 7 shows a relatively high correlation of easterly winds over the southern Caribbean Sea and the eastern Pacific Ocean. A small relationship was expected with variability of the low-level jet in the Caribbean Sea. A high correlation with northerly winds was found in the southern Caribbean Sea with the center at 80°W, 12.5°N, which is located approximately 300 km away from the headland of Panama. This indicated that low-level northerly wind enhancement in the area leads to atmospheric conditions where the local morning rain occurred over land. To check water vapor transport at the morning rain event, Figure 8 shows the vertically integrated horizontal moisture flux and its convergence. Northeasterly wind anomalies originating from the eastern Caribbean Sea strengthened at 1 LT of day-1 before the morning rain event, and the moisture fluxes converged around Panama. Vertical cross sections at 80°W showed that strengthening of the northeasterly component was limited to the lower 850 hPa. Descending flows were dominant over the Caribbean Sea, which contributed to the suppression of convection. The northerly component was further enhanced on day0, and the vertically integrated moisture flux flows from the central Caribbean Sea toward the equatorial Pacific Ocean. The northerly wind anomalies thicken into the mid troposphere, and the strong upwelling anomalies that are suggestive of deep convection were found around the north coast of Panama. These results suggest that morning rains occur concurrently with the southwesterly wind enhancement that starts in the lower troposphere and carries water vapor toward the equatorial Pacific with increasing thickness.
[image: Figure 6]FIGURE 6 | Composited vertical section at 80 °W for easterly (A, B) and northerly (C, D) winds in August. The left panels are wind speed in NRcomp, while differences (MRcomp–NRcomp) are shown in the right panels.
[image: Figure 7]FIGURE 7 | Correlation map for easterly (A) and northerly (B) wind speeds at 925 hPa with the amount of morning rain in domain A of Figure 4. Shaded lines indicate ranges that meet the 95% significance level. The red rectangle indicates the area 75–85°W, 10–12.5°N in which the large-scale winds are calculated in Figure 9.
[image: Figure 8]FIGURE 8 | Composited vertically integrated moisture fluxes (vectors) and their convergence (shades) at 1 LT on day-1 (A) and day0 (B). A vertical cross section of the meridional and vertical motion of the winds and specific humidity at 80 °W on day-1 (C) and day0 (D). The composite was conducted with MRI-AGCM 3.2 and anomalies from the normal state are shown.
4 DISCUSSIONS
The Caribbean low-level jet (CLLJ) is closely related to precipitation in the Caribbean and North America, as demonstrated by previous studies (Amador, 2008; Cook and Vizy, 2010; Nakaegawa et al., 2014b). However, the correlation coefficient between the daily CLLJ index proposed by Wang (2007) and the amount of morning rain is low (figure not shown). A correlation map also shows a small correlation with the easterly wind in the CLLJ region (70–80°W, 12.5–17.5°N). However, a northerly wind component, which pushes the lower jet down to the south and brings a favorable condition of convergence over the headland, seemed to trigger the morning rain. The westerly wind anomalies over the western Caribbean Sea at midnight one day prior to the morning rain may be associated with enhanced easterly wind anomalies, which blows along the Caribbean coast of Costa Rica and Panama. Since the land breeze is dominant during the night, the low-level winds effectively converge in the headlands of Panama. The shape of the topography plays an important role. Biasutti et al. (2012) showed that the geometry of the coast and mountain ranges is one of the factors that enhance the local circulation. The headland of northern Panama over the Caribbean Sea is also prone to enhanced convection, which is responsible for the occurrence of morning rain. In other words, the local phenomenon of the morning rain is deeply related to large-scale wind change, and it is a completely different mechanism than the convective activity that occurs over land in the afternoon.
However, these relationships were derived from MRI-AGCM3.2 and dynamically downscaled results. To confirm whether the wind speed variation affects the actual occurrence of morning rain, we examined the relationships using 925 hPa wind speeds from the JRA-55 reanalysis data and the precipitation from rain gauge observations. A composite analysis of precipitation was performed for days when JRA-55 wind anomalies were above and below 0.5 times the standard deviation compared to the mean of each wind component 75–85°W, 10–12.5°N, and were above and below 0.5 times the standard deviation compared to the mean. A red rectangle in Figure 7 indicates the target area. Since the climatological 925 hPa winds in the target area are northeasterly, above average in both components indicates weak northeasterly winds. The period covered was from August in 2000–2016, and the sample size was 204 and 248 days for above and below, respectively. Figure 9 shows the composited rain for EZA and DBK in the northern part of the Upper Chagres River Basin (Figure 1). When the northeasterly wind speeds were relatively strong in the southern Caribbean, the morning rains were noticeable. There was relatively low precipitation with a peak in the afternoon. However, when winds were relatively weak, only afternoon precipitation with a peak at 14 LT was observed with little precipitation at other times of the day. Furthermore, the relationship between the amount of morning rain and the northeasterly was also recognized in other months in the wet season (figure not shown). As confirmed by actual data, it is clear that the local morning rain phenomenon is indeed greatly influenced by the large-scale wind field. Furthermore, we conducted a composite of the reanalysis 3-dimensional fields for days when morning rain was observed at DBK from 2000 to 2016. Although the amplitude of convergence and upwelling motion is lower than the simulated results (Figures 8B,D), a similar pattern of the vertically integrated moisture flux and wind fields was obtained (Figure 10). One possible cause of the weak amplitude is the coarse resolution of the model. Nevertheless, the results support factors that contribute to the occurrence of morning rains, as derived from the simulation data on MRI-AGCM3.2. Based on our analysis, a conceptual diagram of the occurrence of morning rain is shown in Figure 11. Enhanced northeasterly winds in the lower troposphere are accompanied by a descending motion over the Caribbean Sea, which suppresses convection over the ocean at night compared to the normal state. As the inflow of moisture flux toward the equatorial Pacific further intensifies, the convergence of westerly and easterly wind anomalies near the surface is facilitated with orographic geometry around Panama. As a result and together with the land breeze, deep convection with strong upwelling brings morning rains in the coastal areas of Panama.
[image: Figure 9]FIGURE 9 | Composited precipitation in August at Esperanza (blue) and Dos Bocas (red). The thick solid lines (thick dashed lines) were derived when both the easterly and northerly winds (at 925 hPa) of the JRA-55 reanalysis were relatively strong (weak) over the area 75°–85° W, 10°–12.5° N (red rectangle in Figure 7).
[image: Figure 10]FIGURE 10 | Composited vertically integrated moisture fluxes (vectors) and their convergence (shade) at 1 LT on days when the morning rain > 1 mm were observed at DBK in August for the period from 2000 to 2016 (A). A vertical cross section of the meridional motion, vertical motion, and specific humidity at 80 °W (B). The composite was conducted with JRA-55 reanalysis, and anomalies from the normal state are shown.
[image: Figure 11]FIGURE 11 | Conceptual diagram of the occurrence of morning rains in the north part of the Upper Chagres River Basin. The normal state during the midnight to early morning (A) and the morning rain case (B). Blue (red) vectors indicate anomalous winds (land breeze).
This analysis was possible using a high-resolution global model and high-resolution dynamical downscaling experiments as morning rain occurs in a small area. Our findings make it easier to interpret changes in morning rains due to climate change. Nevertheless, NHRCM05 and NHRCM02 revealed some difficulties in representing the peak time of the diurnal cycle and the amount of total precipitation. The smoothed topography and low elevation in NHRCM05 in comparison with NHRCM02 is a possible reason for a low amount of morning rain as the convergence of coastal winds and divergence on mountain slopes is weak in NHRCM05. The afternoon peak was associated with convective activities caused by land heating during the day. This was generally represented both in NHRCM05 and NHRCM02, but the peak was later than observed regardless of whether or not convective parameterization occurred. Improvements to the boundary layer scheme of the regional climate model would potentially improve this feature. Despite certain challenges, driving the model in various regions and evaluation provides feedback to further advance the model.
5 CONCLUSION
In this study, factors contributing to morning rain events in the northern part of the Upper Chagres River Basin in Panama were investigated using 5-km and 2-km grid spacing regional climate models nested in a 20-km MRI-AGCM3.2. Enhanced northeasterly winds on the lower troposphere were observed over the Caribbean Sea more than 24 h prior to the morning rain event. An anomalous northeasterly was amplified, especially from the morning to noon, but did not directly lead to the onset of morning rain. Easterly wind anomalies extend into the western Caribbean Sea, where westerly winds are normally dominant, and westerly winds along the coast are enhanced along with nighttime breeze from the land. The nighttime easterly winds were enhanced over northeastern Panama, which resulted in conditions of enhanced convergence over the ocean around the headland of Panama from night to morning. This northeasterly wind anomaly is triggered by enhanced northerly wind anomalies in the southern Caribbean Sea, which pushes the low-level jet southward. Reanalysis data also revealed that strengthening of the low-level winds is related to the occurrence of morning rain. It is clear that the mechanism is quite different from that of thermodynamically generated afternoon precipitation, which is associated with a sea breeze under the landside coastal regime proposed by Kikuchi and Wang. (2008). It is thought that localized morning rains are caused by large-scale wind and topographic effects under the seaside coastal regime. Our findings show that local morning rain events in Panama can be estimated from a large-scale field. Furthermore, the impact on it due to future climate change should be discussed, which is of great importance in assessing the stable future operation of the Panama Canal.
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