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ABSTRACT 

During 1966-2003, the annual tropical cyclone (tropical stonn and hurricane) genesis 

frequency over the eastern North Pacific (ENP) ranges from 8 to 27, with a standard 

deviation above 4. This study examines the interannual variability of tropical cyclone 

(TC) activity and the associated variation of the seasonal mean environment utilizing 

NCEP-NCAR reanalysis data. Both accumulated cyclone energy (ACE) and TC genesis 

frequency of each peak hurricane season (July, August, and September) are employed to 

represent TC activity. Environmental conditions are compared between 1992 and 1977, 

which experience the most active and inactive TC season respectively. 

Sea surface temperatures in both 1992 and 1977 are warm and favorable for TC 

fonnation. Other environmental parameters that are favorable for cyclogenesis in 1992 

include: weaker vertical wind shear, larger low-level relative vorticity, stronger mid

tropospheric ascending motion, stronger upper-level divergence, and larger mid

tropospheric moisture content. In addition, a number of features associated with high TC 

activity are also observed in 1992. A well-established monsoon trough is observed over 

the genesis region. In 1992, convective disturbances with 4-10-day period propagating 

consistently from the east bring stronger convection, as compared to the case in 1977. An 

unstable upstream state with negative meridional potential vorticity (PV) gradient is 

observed over the Caribbean. In both years, anomalous zonal wind over the cyclogenesis 

region oscillates with the MJO timescale. However, TCs do not necessarily fonn during 

the westerly phases in either year in the MJO timescale. 
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CHAPTER 1 

INTRODUCTION 

The dynamics of cyclogenesis are quite nonlinear and complicated. Although a 

well-accepted and closed theory is absent, theoretical and observational studies have 

isolated a number of physical conditions that are important for cyclogenesis. 

Researches have further shown that the frequency and spatial distribution of tropical 

cyclone (TC) formation are closely related to some environmental parameters on the 

climatological timescale. These parameters show favorable pattern for cyclogenesis 

when the necessary physical conditions are satisfied in the environment. 

Gray (1977) summarized six environmental parameters that are related to the 

seasonal climatology of cyclogenesis. These parameters include the Coriolis force, 

low-level relative vorticity, vertical wind shear (VWS) between the upper and lower 

troposphere, sea surface temperatures (SSTs), moist instability in terms of the vertical 

gradient of equivalent potential temperature (Be ), and relative humidity at the middle 

troposphere. The product of these six parameters was referred to as the Seasonal 

Genesis Parameter (SGP). The diagnosed seasonal cyclogenesis over the western 

North Pacific (WNP) derived by Gray (1977) using the SGP was quite similar with 

the observation. 

Other studies have also shown skill employing Gray's SGP in the diagnosis of 

cyclogenesis. Watterson et al. (1995) examined the climatology and interannual 

variation of global cyclogenesis with SGP derived from GeM simulation. Clark and 

Chu (2002) studied interannual variation ofTC activity over the central North Pacific 

(CNP) by comparing the dynamic components of SGP within the cyclogenesis region. 
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For the past decade there has been an increasing interest in cyclogenesis research 

over the eastern North Pacific (ENP) (Molinari et al. 1997, Maloney and Hartmann 

2000). The domain of the ENP basin is defined as the area between the western coast 

of North America and 140"W, and extending northward from the equator. To improve 

current knowledge on the cyclogenesis over this domain, an important aspect is to 

understand the interannual variability of cyclogenesis. If a better understanding of the 

relation between the environmental variation and cyclogenesis variability were 

achieved, this knowledge could be applied in seasonal outlooks. As mentioned earlier, 

such relation has been previously studied over other basins like the WNP and the 

North Atlantic (NA). It is the ultimate goal of this work to provide the first 

comprehensive analysis of the interannual variability of TC activity and its relation 

with the environmental variation. 

Chapter 2 introduces the data employed in this study. Chapter 3 illustrates the 

climatology of cyclogenesis over the ENP. Chapter 4 examines the interannual 

variability of TC activity over the ENP. After the introduction of the climatological 

environment over the ENP in Chapter 5, variation of the seasonal mean environment 

related to the variability of TC activity is examined in chapter 6. Discussion is given 

in chapter 7. The thesis concludes in chapter 8. 
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CHAPTER 2 

DATA 

For TCs, we use. the best track dataset for the ENP from Tropical Prediction 

Center (TPC)lNational Hurricane Center (NHC). The dataset records 6-hourly (0000, 

0600, 1200, 1800 UTC) center locations and intensities (maximum I-minute surface 

wind speeds in nautical miles) for all tropical storms (maximum sustained surface 

wind speeds between 34 nautical miles and 64 nautical miles) and hurricanes (wind 

speeds at least 64 nautical miles) from 1966 to 2003. 

Daily averaged wind data at 850 hPa, monthly mean winds, air temperature, 

specific humidity, geopotential height at multiple pressure levels, 500 hPa relative 

humidity, and sea level pressure (SLP) are derived from the National Center for 

Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) 

reanalysis dataset The horizontal resolution of the reanalysis data is 2.50 

latitude-longitude. 

Monthly mean SSTs are taken from National Oceanic and Atmospheric 

Administration's (NOAA) Extended Reconstructed data provided through Climatic 

Diagnostic Center (CDC) in Boulder, Colorado. SST data are available with 

horizontal resolution of 20 latitude-longitude. 

Daily averaged outgoing longwave radiation (OLR) with 2.50 latitude-longitude 

resolution is derived from NOAA Interpolated OLR dataset which is also provided 

through CDC. The temporal coverage is from 1974 to present, with data missing in 

1978. 

The gridded monthly mean precipitation data at 2.50 latitude-longitude resolution 

is taken from Climate Prediction Center Merged Analysis of Precipitation (CMAP). 
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The temporal coverage of the data is from 1979 to present. 

We calculate the tropospheric vertical wind shear (VWS) between 200 hPa and 

850 hPa following the equation [(11 200101" - 1I""p, ), + (V'OOhl'u - V"OhI'U )' y~ , where u 

. and v denote the zonal and meridional wind components respectively. 

The vertical component of the relative vorticity is calculated from the 

NCEP-NCAR reanalysis wind fields with finite differentiation using the Grid 

Analys is and Display System (GrADS). 

• 
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CHAPTER 3 

CLIMATOLOGY OF CYCLOGENESIS OVER THE ENP 

Observation of TCs is considerably poorer in the presatellite era compared to the 

postsatellite era. In the present study, we only examine the period from 1966 to 2003 

as routine satellite surveillance started in 1966 over the ENP (Lawrence and 

Rappaport 1993). 

An annual average of around 16 TCs is reported during this 38 years period. The 

annual cycle of cyclogenesis is pronounced. We could learn from Figure 1 that TCs 

only occur from May through November, and those occurring in July, August, and 

September (JAS) accounts for more than 70% of the total. Therefore, JAS is 

considered as the peak hurricane season in this research. The seasonal mean 

environmental parameters analyzed in the following sections refer to the averaged 

values of these three months. 

Figure 2 shows the initial detection locations of TCs occurred during the peak 

hurricane seasons (JAS) of the 38 years period. About 95% of TCs formed over the 

region extending from 90"W to 120"W and from 1O"N to 20"N (denoted with solid 

lines). In the following parts, we will focus on this cyclogensis region to examine the 

variation of the environment related to the variability ofTC activity. 
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CHAPTER 4 

INTERANNUAL VARlABllJTY OF TC ACTIVITY OVER THE ENP 

In order to quantity TC activity, we employ the Accumulated Cyclone Energy 

(ACE) (Camargo and SobeL 2005). This index is able to measure the collective 

intensity, frequency, and duration of TC activity during a given period of time. The 

ACE index for each hurricane season is defined as the sum of the squared 6-hourly 

maximum sustained wind speed for all tropical storms and hurricanes formed over the 

ENP. 

TIme series of the ACE for each hurricane season from 1966 to 2003 is shown in 

Figure 3. Constructed based on the squares of the maximum wind speeds, ACE 

weights more on TC intensity than on frequency or duration. This makes the study of 

TC activity more meaningful as stronger TCs have greater potential to cause severe 

damage. According to the time series in Figure 3, we choose 1977 with the minimum 

ACE and 1992 with the maximum ACE as two extremes to investigate the interannual 

variability. Moreover, on the time series of TC genesis frequency during each 

hurricane season from 1966 to 2003 (Figure 4), 1977 and 1992 also stand out beyond 

one standard deviation from the average. Thus, these two cases undoubtedly bear 

enough significance in representing the variability of TC frequency, intensity and 

duration. 
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CHAPTERS 

CLIMATOLOGY OF THE SEASONAL MEAN ENVIRONMENT OVER THE 

ENP 

Before starting to investigate the variation of the seasonal mean environmental 

conditions related to the variability of TC activity, it would be necessary to establish 

the background state based on the climatology during 1966 to 2003. The climatology 

will be used as the reference to evaluate the variation. 

We have learned from Figure 2 that the majority ofTCs fonn over a small region 

to the west of Central America. As shown in Figure 5, the climatological seasonal 

mean SSTs in this region (circled by thick dashed lines hereafter) are well above 28°C. 

McBride (1995) suggested that the highest frequency of cyclogenesis per unit area in 

the world is found over a compact region in the ENP with SST above 29°C. 

In Figure 5, it is apparent that the cyclogenesis region is collocated with the areas 

ofwann SSTs and low SLP. Meanwhile, a confluence axis (dotted curve) dividing the 

northeasterly trades and the cross equatorial southwesterly flow at the surface is 

observed over this region. The confluence axis also extends toward the southwest 

beyond the cyclogenesis region, following the wann SSTs above 28°C. It is 

noteworthy that location of the confluence axis is identical to the climatological 

location of the Intertropical Convergence Zone QTCZ) over the ENP. 

Figure 6 displays the climatology of seasonal mean OLR and CMAP 

precipitation over the ENP. Local minimum OLR (maximum convection) and 

maximum precipitation are observed over the southern part of the cyclogenesis region. 

The area of intense precipitation and strong convection (Figure 6) also coincides with 

the area ofwann SSTs and low SLP (Figure 5). 

To observe the three dimensional structure of the atmospheric circulation over 
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the cyclogenesis region, climatological latitude-height cross section of 90oW-120"W 

averaged relative vorticity is plotted with the zonal and meridional winds in Figures 7 

and 8, respectively. Easterly winds dominate the entire troposphere especially above 

the 800 bPa level (Figure 7). Below 800 hPa, westerly winds extending from 5"N to 

l5"N are associated with the cross equatorial flow. Cyclonic relative vorticity, with 

magnitudes greater than 4 x 10-6 S·I, is observed over the genesis region. This area of 

cyclonic vorticity is oriented along the boundary of the cross equatorial westerlies and 

the easterlies to the north. Anticyclonic vorticity dominates the entire mid and upper 

troposphere, and attains its maximum above the 300 hPa level over the cyclogenesis 

region. 

In Figure 8 displaying the meridional winds, cross equatorial flow is shallow as 

clearly represented by the southerlies extending from the Equator toward 15"N below 

800 hPa. Low-level cyclonic vorticity is observed between the southerlies and an area 

of weak northerlies. 

Weak VWS between 200 hPa and 850 hPa is important for TC formation and 

development (McBride 1995). In Figure 9, the climatological VWS weaker than 10m 

S·I, a crucial value for TC formation (Chu 2002), is present over a large area including 

the cyclogenesis region. 

Last, the climatology of relative humidity at 500 hPa is shown in Figure 10. With 

a similar pattern of OLR and precipitation (Figure 6), relative humidity has its local 

maximums over the cyclogenesis region. 

In summary, a number of features are observed over the cyclogenesis region 

from the climatology of 1966 to 2003. These features include warm SSTs, low SLp, 

strong convection and precipitation, low-level cyclonic vorticity, weak VWS and the 

locally highest 500 hPa relative humidity. 
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CHAPTER 6 

VARIATION OF THE SEASONAL MEAN ENVIRONMENT 

6.1 SST 

TCs form and develop over regions with very warm sea surface, where warm and 

moist air is available to support sustained deep convection and organized convective 

circulation with great intensity. As shown in Figure 5, climatological SSTs are above 

28°C over most part of the cyclogenesis region in the ENP. Meanwhile, the standard 

deviation of the seasonal mean SSTs during 1966 to 2003 averages below O.SoC over 

the cyclogenesis region (Figure lla). With the climatological mean of 28°C and 

standard deviation below O.SoC, SSTs of the genesis region would constantly maintain 

above 26°C, a widely accepted empirical threshold for TC formation (McBride 1995). 

Although 12 more TCs formed during the hurricane season in 1992 than 1977, 

the difference of seasonal mean SSTs between these two years is negligible over the 

genesis region (Figure lib). This suggests that the SST variation between these two 

years is too weak to play an important role in causing significant change of TC 

genesis frequency. On the other hand, there must be other factors related to the 

enhanced TC activity in the 1992 hurricane season and suppressed TC activity in the 

1977 hurricane season. 

6.2 Vertical wind shear 

It is well known that weak vertical shear of the horizontal winds between upper 

and lower troposphere (typically between. 850 and 200 hPa) is important for TC 

formation and development (Landsea 2000). Clark and Chu (2002) noted a substantial 

reduction of VWS to the south of the Hawaiian Islands, which favors local TC 
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activity in an EI Nino composite. Likewise, Chu (2002) found reduced VWS in the 

decade when TC was active over the central North Pacific (CNP), as compared to the 

decade when TC was inactive. 

The difference of seasonal mean VWS between 1992 and 1977 is shown in 

Figure 12. The negative values over the genesis region suggest that weaker VWS is 

present in the hurricane season of 1992, which is more favorable for cyclogenesis 

compared with the 1977 case. Additionally, the difference averaged over the genesis 

region is about 2 m S·I, which accounts for approximately one third of the long-term 

seasonal average of about 6 m S·I (Figure 9). Thus, large variation of vertical wind 

shear relative to the climatology is related to the variability of cyclone activities 

between these two years. 

We decompose the total VWS into components produced by the zonal and 

meridional winds respectively, to determine which one is more important for the 

variation of VWS. Figures l3a and l3b show the differences of the zonal and 

meridional wind shear between 1992 and 1977. Comparing the absolute values over 

the genesis region in these two figures, the variation of the zonal shear is greater than 

that of the meridional shear. In other words, variation of the zonal shear makes the 

major contribution to change the total VWS. 

Figures l3c and l3d display the seasonal mean zonal shear during 1992 and 

1977 to enhance our understanding. In both figures, easterly shear (negative values) is 

present on the equatorward side as well as over the cyclogenesis region, whereas 

westerly shear is dominant on the poleward side. Comparing Figures l3c and l3e1, 

area of vertical shear near zero is located closer to the genesis region in 1992, which 

corresponds to the weaker easterly shear over that area. This pattern in 1992 agrees 

with that during the westerly phase of MJO when more TCs occurred 
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(Maloney and Hartmann 2000). 

In summary, the seasonal mean total VWS and the easterly shear of the zonal 

wind are weaker over the genesis region in 1992 when more and stronger TCs fonn. 

6.3 Low-level cyclonic vorticity and vertical coupUng for deep convection 

Low-level cyclonic vorticity is considered as another critical environmental 

factor for cyclogenesis (Gray 1977). Wang and Chan (2002) indicated that the 

increase of the background low-level relative vorticity would help spin up TCs in the 

WNP by increasing moisture convergence and by entraining potential vorticity into 

TCs. 

The seasonal mean relative vorticity at the 925 hPa level are shown in Figures 

14a and 14b for 1992 and 1977. The solid dots in each figure indicate the initial 

detection locations of TCs during that season. In 1992, relative vorticity are greater 

than 5xlO-6 S·I over most parts of the genesis region, with strongest cyclonic vorticity 

as large as IOx10-6S-1 over the southeastern end (Figure 14a). In the following section, 

we will show that strong cyclonic vorticity in 1992 is consistent with a 

well-established monsoon trough over the same area. Figure 14b shows that cyclonic 

vorticity over the genesis region is much weaker in 1977, and appears vague around 

100"W. Cyclonic vorticity up to 5x10-6 S-I is only present over the western end of the 

genesis region around 120"W. Likewise, westward shift of the cyclogenesis locations 

from 1992 toward 1977 is easily observed. The centroid genesis location denoted by 

the cross is located further westward by 5° longitudes in 1977 than in 1992. 

In addition to cyclonic vorticity at low levels, mid and upper level coupling are 

also important for cyclogenesis, because TCs are organized convective system with 

great vertical extent. To examine the variation of the vertical coupling, changes of 
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the seasonal mean circulation at the 925 bPa, 500 hPa and 200 hPa levels between 

1992 and 1977 are presented in Figure 15. 

Consistent with what we have found in Figure 14, Figure 15a shows that 925 bPa 

relative vorticity over the genesis region is higher in 1992 than 1977 with the 

difference being about 6 xl 0-6 S-I. This difference exceeds by 50% the climatological 

seasonal mean value that is about 4 xlO-6 S·1 (Figures 7 and 8). Meanwhile, negative 

values in Figure l5b suggest that ascending motion at the 500 hPa level is apparently 

greater in 1992 over a large area including the cyclogenesis region. At the 200 hPa 

level. Figure l5c shows that divergent flow is also stronger in 1992 over an area to the 

south of the genesis region, where stronger low-level cyclonic vorticity and mid-level 

ascending motion has been observed. Corresponding to the high TC activity in 1992, 

circulation at the three levels constitute the vertical coupling that is favorable for deep 

convection to form, although a southward tilt with height is present in this vertical 

coupling structure. 

As supplement to the analysis with NCEP-NCAR reanalysis data, the regional 

climate model developed at the International Pacific Research Center (lPRC-RegCM) 

(Wang et al. 2003) is applied to simulate the large scale circulation, especially the 

low-level relative vorticity during the hurricane seasons of 1992 and 1977. In this 

study, the IPRC-RegCM is run for a region extending from 1400W to 60"Wand from 

15°S to 40"N with 0.5" latitude-longitude horizontal resolution and 28 vertical levels. 

NCEP-NCAR reanalysis data including air temperature, relative humidity, SLP and 

horizontal winds at every 6 hour intervals with a horizontal resolution of 2.50 

latitude-longitude at 17 pressure levels are used to define the driving fields, which 

provide both initial and lateral boundary conditions. Weekly SSTs obtained from CDC 

with a horizontal resolution of I °xl 0 are used as the lower boundary condition. 
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Difference of the simulated seasonal mean 925 hPa relative vorticity between 

1992 and 1977 is shown in Figure 16. The overall anomalous pattern agrees very well 

with the one derived from NCEP-NCAR reanalysis data as shown in Figure 158, 

except that the model simulation tends to show greater cyclonic difference over the 

cy«logenesis region. The discrepancy in the seasonal climatology between model 

simulation and NCEP-NCAR reanalysis might be attributed to IPRC-RegCM's ability 

to better represent transient synoptic scale disturbances such as TCs, given the 

model's refined resolution. On the other hand, this minor discrepancy suggests that 

the large scale mean circulation derived from NCEP-NCAR reanalysis is able to show 

a large fraction of the useful signal, even the data's resolution is much lower than 

those from the regional model simulation. 

6.4 Monsoon trongh 

Previous studies have shown that spatial distribution and frequency of 

cyclogenesis are generally govemed by the location and intensity of the monsoon 

trough on the seasonal mean timescale (McBride 1995). As a convergence zone 

between trade easterlies and cross equatorial southwesterlies, the monsoon trough is 

associated with low-level cyclonic vorticity and weak vertical wind shear which are 

favorable environmental conditions for cyclogenesis. 

Figure 17 shows the streamline analysis based on 925 hPa seasonal mean winds 

during the hurricane seasons of 1992 and 1977. In 1992, a well-established monsoon 

trough marked by the bold solid curve is observed over the genesis region, whereas 

monsoon trough is absent or at least not well defined over that area in 1977. The 

well-established monsoon trough in 1992 is consistent with the stronger low-level 

cyclonic vorticity (Figure l4a) and weaker VWS (Figure 12) within the same 
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area. In particular, area of strong cyclonic vorticity over the genesis region (Figure 

14a) and the monsoon trough (Figure 17a) are closely located in 1992. Cyclonic 

vorticity greater than 5x10-6 S·l is observed within a narrow area centered by the 

monsoon trough, extending zonally from IO"N off the Central American coast toward 

15"N and IIO"W. 

The association between the monsoon trough and TC activity is further 

investigated by studying two additional cases of 1994 and 1996 (Figure 18). From the 

later period when the quality of the reanalysis data had been improved, these two 

years also experience substantial difference in both seasonal ACE and TC genesis 

frequency (Figures 3 and 4). A well-established monsoon trough, as the one in 1992, 

is observed over the genesis region in 1994 (Figure I Sa) when TC activity is high. On 

the other hand, monsoon trough is not present over the genesis region in 1996 (Figure 

18b), which is similar with the 1977 case. Thus, a monsoon trough is not observed by 

chance in 1992 when TC activity is strong. Based on previous study that TC activity 

is governed by monsoon trough, TC activity would tend to be strong whenever 

monsoon trough is well established. 

Returning to the cases of 1992 and 1977, two distinct features of the circulation 

other than the monsoon trough are also observed in 1992 (Figure 17a). First, the 

easterlies crossing Central America form a pronounced ridge around lOO"W on the 

poleward side of the monsoon trough. Although the 925 hPa streamline analysis 

should be masked out over some parts of the Central American continent due to the 

elevated topography, the easterly ridge still dominate over the ocean off the western 

coast of Central America. We speculate that the westward extension of the Atlantic 

subtropical ridge might contribute to the formation of the easterly ridge associated 

with the monsoon trough in 1992. This speculation will be evaluated by 
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studying the Atlantic subtropical ridge and precipitation in the following sections. 

The second feature is that stronger monsoon westerlies are present in the cross 

equatorial flow between the 5"N and I O"N on the equatorward side of the monsoon 

trough in 1992. In other words, the cross equatorial southerlies recurve into westerlies 

by the Coriolis force more rapidly in 1992. 

These two features are apparent in Figure 19 showing the seasonal mean zonal 

wind difference at the 925 hPa between 1992 and 1977. The bold solid curve indicates 

the location of the monsoon trough observed in 1992. It is clear that the monsoon 

trough divides the easterly departures to its north and the westerly departures to its 

south. Extending from the Caribbean into the ENP between 10"N and 20"N, the 

easterly difference reaches below -2.5m S·l around 15"N and 97"W over the ENP. This 

difference exceeds the climatological zonal wind speeds at this level in Figure 7. The 

westerly difference has values comparable with the climatology in Figure 8, although 

its zonal extension is smaller than the easterly difference. 

In addition to these features at the low levels, latitude-height cross section of the 

zonal wind difference along 97"W shows that the anomalous zonal wind structure is 

persistent throughout the entire troposphere (Figure 20). 

Corresponding to the high TC activity in 1992, a well-established monsoon 

trough is observed over the genesis region. On the poleward side of the monsoon 

trough, a pronounced low-level easterly ridge and deep easterly departures are present 

On the equatorward side, monsoon westerlies are stronger than those in 1977. 

6.S Mid-tropuspheric moisture content 

Mid-tropospheric moisture content is directly related to tropical cyclogenesis 

(Gray 1977). Dry mid-troposphere tends to suppress deep cumulus convection, 

15 



whereas moist mid-troposphere could enhance deep cumulus convection by reducing 

entrainment drying of the updraft, which makes cumulus convection more likely to 

develop into TC strength. 

Figure 21 shows that the difference of the seasonal mean 500 hPa relative 

humidity between 1992 and 1977 averages around 14% over the cyclogenesis region. 

This value is more than one fourth of the long-term seasonal average that is around 

50% (Figure 10). Therefore, larger moisture content at the mid-troposphere is related 

to the high TC activity in 1992. 

One of the seasonal cyclogenesis parameters given by Gray (1977) is the moist 

instability, which is defined as the vertical gradient of equivalent potential 

temperature ((}e). For the sake of computation convenience, we employ the moist 

static energy (MSE) that has the same physical meaning as (}e, to measure the moist 

instability. The MSE is calculated following CpT+gz+L.r, in which each term stands 

for the enthalpy, gravitational potential energy, and latent heat content of an air parcel, 

respectively. It is necessary to mention that Lv is the latent heat of vaporization, and r 

is the specific humidity in the equation. 

The vertical profile of the seasonal mean MSE averaged over the genesis region 

is plotted in Figure 22. During the hurricane seasons of both 1992 and 1977, the 

troposphere below 700 hPa shows equally conditional instability with the MSE 

increasing with height. However, starting from 700 hPs, MSE in 1992 becomes 

greater than that in 1977, and their difference attains its maximum at 500 hPa. Higher 

MSE at the 500hPa level in 1992 is consistent with the greater moisture content as 

shown earlier in Figure 21. 

To test the difference of the 500 hPa seasonal mean MSE, daily MSE values 
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during the two hurricane seasons are used. The goodness of fit test (Wilks, 1995) in 

Figure 23 shows that all the points, consisting of a observed data value and the 

theoretical estimate derived from the cumulative density function of Gaussian 

distribution, fall close to the I: I line. Therefore, the data of MSE during the hurricane 

seasons follows the Gaussian distribution quite well. A two-sample t test for the 

difference of the mean under serial dependence (Wilks, 1995) is then performed based 

on the null hypothesis that difference between the two seasonal means is zero. With a 

p value of 0.04, a two-sided test suggests that the nulI hypothesis would be rejected at 

the 10% level. 

Given the comparable moist instability between 1992 and 1977, it is the different 

mid-tropospheric moisture content that is more related to the variability of TC 

activity. 

6.6 PV on tbe 310 K isentropic snrfaee 

It is frequently stated that cyclogenesis in the ENP occurs in association with 

easterly waves that have propagated from Africa across the Atlantic and Caribbean 

(Avila 1991). Burpee (1972) showed that these waves had developed over Africa 

where the negative meridional gradient of PV near 700 hPa offered an unstable basic 

state. Similarly, an area of negative meridional PV gradient at the lower troposphere 

over the Caribbean was observed in the 1991 summer (Molinari et al., 1997). This 

area is indicated with a box in Figure 24. In their study, it was further shown that the 

magnitude of the PV gradient varies in phase with the ENP cyclogenesis during the 

1991 summer. It was thus suggested that the negative PV gradient offered an unstable 

basic state to reinvigorate the easterly waves propagating westward. These 

reinvigorated wave packages later lead to subsequent cyclogenesis. 
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Here we compare the pattern of the seasonal averaged PV between 1992 and 

1977. Following Molinari et al. (1997), PV is calculated on the 310 K isentropic 

surface lying between 725 hPa and 825 hPa over the Caribbean. PV is defined 

following the equationq = g( -: r ('8 + f), in which air pressure p and vertical 

component of relative vorticity, are linearly interpolated to isentropic surfaces. 

Figure 25 displays the seasonal mean 310 K PV in 1992 and 1977, in which 

areas with values greater than 2.5xI0-7 m2Ks-1kg-1 are shaded. An area of negative PV 

gradient is found near 20"N and 85"W in Figure 25a. Following the study of Molinari 

et aI. (1977), the unstable basic state that favors easterly waves invigoration and 

subsequent cyclogenesis is present over the Caribbean in the 1992 hurricane season. 

Such condition is not apparent in the 1977 hurricane season (Figure 25b) when TC 

activity is low. 

Based on these observations, the interannual variation of the seasonal mean PV 

is associated with the variability of TC activities over the ENP. However, the process 

that easterly waves develop into TC strength after reinvigoration needs to be verified, 

such that the cause and effect could become better understood. 
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CHAPTER 7 

DISCUSSION 

A number of parameters studied above have constituted a favorable (unfavorable) 

seasonal mean environment for cyclogenesis in the 1992 (1977) hurricane season. To 

some extent, these parameters are all directly related to the physical requirement for 

cyclogenesis. Sections 7.1 to 7.4 examine several other features that have indirect 

relation with TC formation, but are related to the variations of those parameters 

discussed earlier. 

Since TCs always breed in an environment where low-level cyclonic vorticity is 

strong, it remains the question that to what extent the TC activity itself would affect 

the magnitude of seasonal mean relative vorticity. This question will be addressed in 

section 7.5. 

7.1 Westward extension of subtropical ridge over the Atlantic 

Following earlier discussion about the easterly ridge on the poleward side of the 

monsoon trough, we now investigate the influence from the Atlantic subtropical ridge. 

The seasonal mean fields of geopotential height and wind at the 925 hPa level in 1992, 

1977, and their differences are shown in Firgure 26. 

Comparing Figures 26a and b, westward extension of subtropical ridge is 

detected during 1992 between the longitudes of 60"W and 70"W. In Figure 26c, we 

could learn that the westward extension of subtropical ridge locally induces stronger 

anticyclonic flow in 1992. However, anomalous anticyclonic flow over this region is 

too distant to directly influnce to the circulation over the ENP and Central America. 

Another area affected by the westward extension of subtropical ridge in 
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1992 is over the Gulf of Mexico. This is depicted more clearly in Figure 26c where an 

area of positive geopotential height difference and anticyclonic difference of the 

circulation is centered near 20"N and 90·W. The extension of subtropical ridge over 

this area in the 1992 hurricane season is consistent with the easterly ridge observed in 

Figure 17a and stronger easterlies in Figure 19. Therefore, the westward extension of 

the Atlantic subtropical ridge is associated with the favorable circulation pattern for 

cyclogenesis over the ENP. 

7.2 Precipitation 

We have shown that air pressure and circulation experience large variation 

between the active to inactive years of TC activity. In order to verify such variation, 

change of precipitation is further examined, as precipitation usually varies in 

accordance with circulation change. 

Figure 27 displays the seasonal mean CMAP precipitation in 1992, 1979, and 

their difference. Because CMAP precipitation data are only available from 1979, here 

we employ 1979 as the inactive case ofTC activity to make up the data unavailability 

for 1977. From Figure 4, TC genesis frequency in the 1979 hurricane season equals 

that in 1977. Moreover, the ACE in 1979 is the second lowest after 1977 during the 38 

years period (Figure 3). Thus, the hurricane season of 1979 is representative as an 

inactive case as that of 1977. 

Similar to Figure 6, the precipitation during the hurricane seasons in Figures 27a 

and 27b mainly concentrates over an area along 10"N between 80"Wand 120·W. 

Located on the southern edge of the cyclongenesis region, this area of intensive 

precipitation is associated with the ITCZ. 

By observing the difference of precipitation (Figure 27c), we find 
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that the Caribbean and Gulf of Mexico is significantly drier in 1992 than 1979. Over 

this area, precipitation in 1979 doubles the value in 1992 when comparing Figure 27b 

with Figure 27a. 

In Figure 27c, another area of negative difference is observed over Central 

America around 17"N and 91'W. Here, greatly reduced precipitation in 1992 is 

undoubtedly associated with the easterly ridge observed in Figure 17a and the 

anomalous anticyclonic circulation in Figure 26c. 

Although the variation of precipitation does not directly cause the variability of 

TC activity over the ENP. both of them are shown to be associated with the circulation 

change. We investigate the variation of precipitation here to get a more complete 

picture of what could be resulted from the variation of circulation. 

Over the Pacific, more precipitation in 1992 is found to the west of 11 O"W, over 

an area between I O"N and 20"N. Climatologically, this area is dominated by the 

northeasterly trades and experiences much less precipitation compared with the ITCZ 

region. Therefore, larger precipitation in 1992 is believed to be related to stronger TC 

activity. 

7.3 Zonal wind oscillation with MJO timescale 

Research by Maloney and Hartmann (2000) has suggested that the westerly wind 

bursts over the ENP, which are favomble for cyclogenesis, are caused by the 

Madden-Julian Oscillation (MIO). On intraseasonal timescale, MIO modulates 

cyclogenesis while alternating low-level easterly and westerly winds over the area 

between the equator and 15"N. The composited zonal wind anomalies during the 

westerly phases are depicted by westerly anomalies to the south of easterly anomalies. 
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Here we want to examine whether the oscillation of MIO is associated with the high 

TC activity in the 1992 hurricane season. Zonal winds are studied at the 850 hPa level, 

where MIO has strongest low-level signal (Madden and Julian 1994), 

In order to follow the characteristic periods ofMIO, a 30-50-day,bandpass filter 

is frrst used toward zonal winds at 850 hPa. Since amplitude of oscillation could be 

reflected by variance of the underlying variable, we plot the variances of the filtered 

zonal winds during the hurricane seasons in Figure 28, where areas of large variances 

conform well to that of westerly zonaI wind difference in Figure 19. In 1992, the 

maximum variance is located further northwestward compared with that in 1977. 

Meanwhile, areas of large variances extend further eastward in 1992 than that in 1977 

when comparing the configuration of the 6 m2 
S·2 contour. Therefore, amplitude of the 

30-50-day zonal wind variation is larger over a wider domain in 1992 than in 1977. 

Figure 29 shows the time series of the 30-50-day filtered zonal wind anomalies 

from June to October over the solid dots (Figure 28) where the maximum variances 

are observed. The time series show oscillation with period of MIO timescale. In both 

1992 and 1977, westerly wind anomalies occur around mid-August and late 

September, and easterly anomalies occur during early September and mid-October. 

Although zonal wind anomalies show similar progressing pattern, cyclogenesis 

indicated by solid squares occurs much more frequently in 1992 than in 1977. 

Additionally, cyclogenesis in 1992 tends to be widespread instead of being clustered 

and preceded by the peak of westerly zonal wind anomalies. In 1977, cyclogenesis 

starts during mid-September when anomalous zonal wind is still in the easterly phase. 

If westerly wind bursts lead to cyclogenesis, then we would expect a totally 

different scenario where cyclogenesis would cluster and be preceded by the peaks of 

westerly anomalies. However, this is apparently not the case in Figure 29, thus 
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westerly wind bursts within the MIO timeframe should not be taken as the direct 

cause of cyclogenesis for these 2 years. 

To support this point, we plot in Figure 30 the time-longitude cross section of the 

30-50-day filtered 850 hPa zonal wind anomalies. The cross sections are located 

along 12.5"N for the 1992 one and 1 O"N for the 1977 one. These are the latitudes 

where the maximum variances are observed in the two years (Figure 28). In both 

panels of Figure 30, westerly anomalies do not precede TC formation in time, 

especially for the strong westerly anomalous events around July 16, August 20, and 

September 16 in 1992. Besides, westerly anomalies with larger amplitudes and 

extension in both time and space occur in the 1977 hurricane season, when 

cyclogenesis frequency is significantly lower. 

Although 850 hPa zonal winds do show oscillation with the MIO timescale, and 

such oscillation has larger amplitude in 1992 than in 1977, cyclogenesis does not 

conform to the westerly phase of the anomalous zonal winds in either 1992 or 1977. 

Therefore, the westerly wind anomalies at the low levels do not have a clear 

relationship with cyclogenesis for the two years selected in this study. 

7.4 Convection 

In this section, we compare the convection on both seasonal mean and transient 

state, by studying the OLR in the hurricane seasons of 1992 and 1977. 

Figure 31 shows the difference of seasonal mean OLR when the 1977 values are 

subtracted from the 1992 ones. Lower values of OLR (stronger convection) are 

observed in 1992 over a large area including the cyclogenesis region. Areas with the 

largest difference, instead of being located along the track of TCs, are found over the 

eastern end of the cyclogenesis region, along 90"W off the western coast of 
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Central America. This suggests that stronger convection during 1992 should be 

considered as a favorable condition for TC fonnation, rather than as a product of a 

more active hurricane season. Next to the cyclogenesis region in Figure 31, stronger 

convection is also observed over the Central American continent between IO"N and 

20"N in 1992, with considerable extension into the Caribbean and Gulf of Mexico. 

Corresponding to stronger convection in 1992 on the seasonal mean state, larger 

amplitudes of convective disturbance are also observed from Figure 32, which shows 

the difference of seasonal OLR variances between 1992 and 1977. Analysis to follow 

aims to find out which process is associated with the stronger convective activity in 

1992. 

Spectral analysis allows us to detennine which frequency component plays the 

leading role by supporting the largest part of energy to the overall disturbance. 

Following the method of Chu and Katz (1989), spectral densities as a function of 

periods are calculated based on time series of the unfiltered daily OLR during 

June-October over two locations. Both stronger seasonal mean convection and larger 

variances are observed over these locations in 1992. In Figure 33, spectrum density 

functions of the disturbances have higher amplitudes relative to the red noise 

spectrum (red curve) over 4-lO-day periods. Therefore, it becomes evident that it is 

the synoptic scale disturbances with 4-IO-day periods that are related to the stronger 

convective activity in 1992. 

Subsequently, time-longitude cross sections of the 4-10-day filtered OLR 

anomalies averaged between IO-20"N are plotted in Figure 34 for the period of June 

to October in 1992 and 1977. In both panel a and b, each convective disturbance 

passing over the cyclogensis region between 90"W and 120·W could be traced back to 

80·W or further. Meanwhile, each TC formation is preceded by such disturbance 
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package propagating westward. 

Based on these features, we suggest that it is the 4-IO-day convective 

disturbances propagating from the east of the cyclogenesis region that are related to 

the more active convection in the 1992 hurricane season. 

7.5 TCs' inOnence on the seasonal mean relative vorticity 

In sections 6.3 and 6.4, we have shown that strong cyclonic relative vorticity 

(Figure 14a) and a well-established monsoon trough (Figure 17a) are present at the 

925 hPa level in 1992. Closely located, these two features are considered to be related 

to each other. However, it is noteworthy that cyclogenesis locations denoted by the 

solid dots are also closely located with the cyclonic vorticity (Figure 14a). Given that 

TCs always breed in an environment where low-level cyclonic vorticity is strong, 

there exists the possibility that the seasonal mean cyclonic vorticity over the genesis 

region is produced by TCs themselves. To test such possibility, we next examine the 

seasonal mean vorticity field in which the influence from TCs has been removed. To 

accomplish this, we remove TCs' influence in two separate approaches. For the first 

one, we examine a period during the pre-season when there was not any TC over the 

ENP. Independently, for the second approach, we artificially remove the TC-like 

vortex based on the reanalysis data by using a three-point smoothing. 

Figures 35 and 36 show the streamline and relative vorticity at the 925 hPa for 

the period (June 5th to June 21st) when no TCs were present over the ENP in either 

1992 or 1977. During the pre-season period in 1992, monsoon trough and cyclonic 

vorticity are observed over the .southeastem part of the genesis region (between 90"W 

and 100"Walong 10"N) in Figures 35a and 35b. During the pre-season period in 1977, 

neither the monsoon trough nor the cyclonic vorticity is observed (Figure 36). 
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Thus it becomes evident that, without the influence from TC activity, cyclonic 

vorticity is closely related to the monsoon trough during the pre-season period. Given 

the well known persistence in the atmosphere state, we suggest that TCs had very 

limited influence on the seasonal mean cyclonic vorticity over the genesis region in 

either 1992 or 1977. 

This argument is verified in a separate analysis, in which the cyclonic vorticity 

produced by TCs is removed from the seasonal mean field with a three-point 

smoothing operator following Kurihara et al. (1993). This is performed using the daily 

wind fields during the hurricane seasons of 1992 and 1977. Specifically. on any day 

when TC is reported according to the best track data, the smoothing operator is 

applied toward the winds at the 16 grid points surrounding the TC center, with four on 

the zonal and four on the meridional direction. To show the quality of the smoothing, 

the relative vortivity based on the original and the smoothed winds at the 925 hPa 

level is shown for Sept 15th 1992 (Figure 37). On this day, Hurricane Roslyn (Sept 

13th to Sept 25~ is centered at 18"N and 113"W, where cyclonic vorticity larger than 

50ld 0'" s·t is observed. After the smoothing, the largest cyclonic vorticity over that 

region is reduced to 30x10'" s·t, with its contour being located on average 250 km 

away from the hurricane center. Thus, the smoothing is able to remove the TC-like 

vortex, and keep the environmental cyclonic vorticity unchanged. 

After the smoothing, seasonal mean 925 hPa relative vorticity in 1992 and 1977 

are shown in Figure 38. It is clear that magnitudes and configuration of cyclonic 

vorticity over the genesis region are basically the same as those in Figure 14, where 

vorticity produced by TCs are not removed. Therefore, cyclonic vorticity produced by 

TCs has very little influence on the seasonal mean vorticity field. 
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CHAPTERS 

CONCLUSION 

Seasonal mean environmental conditions are compared between 1992 and 1977, 

which experience respectively the most active and inactive TC activity during a 38 

years period. SSTs are consistently warm and favorable. Other environmental 

parameters, including VWS, low-level relative vorticity, mid-level ascending motion, 

upper-level divergence, and mid-tropospheric moisture content, experience substantial 

variation between the two years. The seasonal mean environment is more favorable 

for cyclogenesis in 1992 than in 1977. Upstream of the cyclogenesis region, an 

unstable state with negative meridional PV gradient is observed over the Caribbean in 

1992 but not in 1977. Additionally, the Atlantic subtropical ridge extends westward 

over the Gulf of Mexico and Central America in the 1992 hurricane season, with 

stronger easterlies over the ENP. Meanwhile. a well-established monsoon trough over 

the TC genesis location is observed between the enhanced easterlies and cross 

equatorial westerlies. In 1992, reduced precipitation over the Caribbean and Central 

America is associated with the extension of Atlantic subtropical ridge, whereas 

increased precipitation over the ENP is likely to be related to stronger TC activity. 

Compared with 1977, synoptic scale convective disturbances with 4-IO-day periods 

propagating from the east bring stronger convection on both seasonal mean and 

transient states in 1992. In both years, anomalous zonal wind over the cyclogenesis 

region oscillates with MJO timescale. However. TCs do not necessarily form during 

the westerly phases in the MJO timescale. 
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Monthly percentage of TC occurrence 
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Figure I. Percentage of TC (Tropical Storm and Hurricane) in each month 
relative to the annual total during 1966-2003. 
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Figure 2. Initial detection locations ofTCs (best track data) during 
the peak hurricane season (lAS) of 1966-2003. 
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Accumulated Cyclone Energy 
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Figure 3. Seasonal (JAS) ACE (square knots) during 1966-2003. Dashed line 
denotes the mean. Solid lines denote the mean plus and minus one standard 
deviation respectively. 
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Figure 4. Same as Figure 3, except for TC genesis frequency during 
1966·2003. 
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Figure 5. Climatological (1966-2003) seasonal mean fields based on NCEP-NCAR 
reanalysis data. Shadings denote SST ("C) values and contours denote SLP (hPa) 
values, overlaid with surface streamline analysis. Dotted line denotes the confluence 
axis. Climotological cyclogenesis region is circled by th ick dashed lines hereafter. 
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Figure 6. Same as Figure 4, except shadings for precipitation (mm day"), and 
contours for OLR (W m' ). 
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- zonal wind 

Figure 7. Latitude-height cross section of climatological (1966-2003) seasonal mean 
fields (NCEP-NCAR reanalysis) averaged between 90· W and 120·W. Shadings 
denote values of zonal wind (m s'), and contours denote values of relative vorticity 
(10" silo 
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Figure 8. Same as Figure 7, except shadings for meridional wind (m silo 
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Figure 9. Climatological (1966-2003) seasonal mean vertical wind 
shear (m S·I) between 200 bPa and 850 bPa. 
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Figure 10. Same as Figure 8, except for 500 bPa relative humidity ("/0). 
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a, Standard deviation 
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Figure 11. (a) SST Standard deviation ("C) for 1966-2003, and (b) 1992 minus 1977 
seasonal mean SST ("C). 
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Figure 12. 1992 minus 1977 seasonal mean vertical wind shear (m s"·) 
between 200 hPa and 850 hPa. Solid (dashed) contours denote positive 
(negative) values. 
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a, 1992 minus 1977 zonal shear 

b, 1992 minus 1977 meridional shear 

Figures 13a,b. The differences of zonal (a) and meridional (b) wind shear 
between 1992 and 1977. 
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c, Zonal shear in 1992 
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Figures 13e,d. Vertical shear oftbe zonal wind in 1992 (e) 
and 1977 (d). 
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a, 1992 
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Figure 14. Seasonal mean 925 bPa relative vorticity (10" S·') in (a) 1992 and 
(b) 1977. Solid (dashed) contours denote positive (negative) values. For each 
year, solid dots denote cyclogenesis locations and crosses denote the centroid 
genesis locations. 

39 



a, 925 hPa relative vorticity 

b, 500 hPa vertical velocity 

Figures 15a,b. Difference (1992 minus 1977) of seasonal mean 925 hPa 
relative vorticity (10" S") (a) and SOO hPa vertical velocity (I0·2Pa "') (b). 
Solid (dashed) contoW'S denote positive (negative) values. 
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c, 200 hPa divergence 
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Figures 15c. Difference (1992 minus 1977) of seasonal mean 200 bPa 
divergence (10'" So'). Solid (dashed) contoIUS denote positive (negative) 
values. 

Figure 16. Difference of seasonal mean 925 bPa relative vorticity between 
1992 and 1977 simulated with IPRC-RegCM. Solid (dashed) contoIUS 
denote positive (negative) values. 
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a, 1992 

b, 1977 

Figure 17. Seasonal mean 925 hPa streamline in (a) 1992 and (b) 1977. 
Monsoon trough is denoted by the bold solid curve in (a). 
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a, 1994 

b, 1996 

Figure 18. Same as Figure 16, but for 1994 (a) and 1996(b). 
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Figure 19. 1992 minus 1977 seasonal mean 925 bPa zonal wind (m s·'). Dashed 
line indicates 91'W. Solid curve denotes the position of the monsoon Irough in 
1992. Solid (dashed) contours denote positive (negative) values. 
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Figure 20. Latitude.hei~t cross section of 1992 minus 1977 seasonal 
mean zonal wind (m s' ) along 91'W. Solid (dashed) contours denote 
positive (negative) values. 
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Figure 21. 1992 minus 1977 seasonal mean 500 hPa relative humidity (%). 
Solid (dashed) contours denote positive (negative) values. 

iii' 
Q. 

.s 
e 
~ a. 

300 
-1992 
---1977 

400 

5llIJ 

600 

700 

85D 
925 

1[1][) 
325 330 335 340 345 350 

moist static energy (1 000 Jlkg) 

Figure 22. Vertical profile of seasonal mean moist static 
energy averaged over 90-120"W and 10-20"N in 1992 
(solid) and 1977(dashed). 
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Figure 23 . Quantile-quantile plot showing the fit of 
Gaussian distribution to the daily values of 500 hPa 
moist static energy averaged over the genesis region 
during the hurricanes of 1992 and 1977. The black solid 
line is the I: I ratio line. 
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Figure 24. 1991 Seasonal mean (l5 1un.-30 Sept.) PV ( IO·' m' Ks'kg·') on 310K 
isentropic surface (Molinari 1997). Areas with values greater Ulan 2 are shaded. 
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Figure 25. Seasonal mean PV (I O·'m2Kslkg"l) on 3 I OK isentropic surface in 
(a) 1992 and (b) 1977. Areas with values greater than 2.5 are shaded. 
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a, 1992 
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Figure 26. Seasonal mean 925 hPa geopotential height (m) and wind vector in 
(a) 1992, (b) 1977, and (c) 1992 minus 1977. 
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Figure 27. Seasonal mean CMAP precipitation (mm day' l) in (a) 1992, (b) 
1979, and (c) 1992 minus 1979. 
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Figure 28. Variance (m2 
S·2) of 30-50-day filtered 850 hPa zonal wind 

anomalies during JAS in (a) 1992 and (b) 1977. Solid dots denote 
locations of maximum values in each year. 
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Figure 29. Time series of 30-50-day filtered 850 hPa zonal wind anomalies 
(m S·l) in JJASO of (a) 1992 and (b) 1977 over the locations denoted by the 
solid dots in Figure 27. Solid squares denote the timing of cyclogenesis. 
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a, 1992 13°N b, 1977 10"N 

Figure 30. Time-longitude cross section of 850 hPa ronal wind anomal ies during JJASO 
in (a) 1992 along 13' N and (b) 1977 along 10"N. Only pos itive values are shown and 
shaded. Comours are every 5 m . ' . Solid dots denote the timing and longitudes of 
cyclogenesis. 
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Figure 31. 1992 minus 1977 seasonal mean OLR (W m·2). Solid 
(dashed) contours denote positive (negative) values. 

Figure 32. Difference (1992 minus 1977) ofOLR variances (W2 m""') 
during JAS. Solid (dashed) contours denote positive (negative) 
values. 
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Figure 33. Spectral density functions of OLR during 
June-October in 1992 over (12.5"N, 10iJ· W) and 
(12.5"N, 90· W). Red curve denotes the red noise 
spectrum. 
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Figure 34. Time-longitude cross sections of 4· I O-day filtered OLR anomalies (W me') 
averaged between 10·20"N in 1992 (a) and 1977 (b). Areas with negative values are 
shaded. Solid dots denote timing and longitudes of cyclogenesis. 
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b, 925 hPa relative vorticity 

Figure 35.925 hPa streamline (a) and relative vorticity in 10" s·' (b) 
averaged during June 5th to June 21st in 1992. Bold solid curve denotes 
the cyclonic wind shear similar with monsoon trough. 
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Figure 36. Same as Figure 23, except for 1977. 
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Figure 37. Original (a) and smoothed (b) 925 hPa relative vorticity (10" .. ') 
on September 15th

, 1992. 
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a, 1992 smoothed 
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Figure 38. Seasonal mean 925 hPa relative vorticity (10" 5·') in 1992 (a) and 
1977 (b) after the vorticity produced by TCs is smoothed out. 
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