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ABSTRACT

Diurnal oscillations of infrared cloud-top brightness temperatures (Tbs) in tropical cyclones (TCs) as
inferred from storm-centered, direction-relative longwave infrared (~11 pum) imagery are quantified for
Northern Hemisphere TCs (2005-15) using statistical methods. These methods show that 45%,54 %, and 61 %
of at least tropical storm-, hurricane-, and major hurricane-strength TC cases have moderate or strong diurnal
signals. Principal component analysis-based average behavior of all TCs with intensities of 34 kt (17.5ms ')
or greater is shown to have a nearly symmetric diurnal signal where Tbs oscillate from warm to cold and cold
to warm within and outside of a radius of approximately 220 km, with maximum central cooling occurring in
the early morning (0300-0800 local standard time), and a nearly simultaneous maximum warming occurring
near the 500-km radius—a radial standing wave with a node near 220-km radius. Amplitude and phase of
these diurnal oscillations are quantified for individual 24-h periods (or cases) relative to the mean oscillation.
Details of the diurnal behavior of TCs are used to examine preferred storm and environmental characteristics
using a combination of spatial, composite, and regression analyses. Results suggest that diurnal, cloud-top Tb
oscillations in TCs are strongest and most regular when storm characteristics (e.g., intensity and motion) and
environmental conditions (e.g., vertical wind shear and low-level temperature advection) support azimuthally
symmetric storm structures and when surrounding mid- and upper-level relative humidity values are greater.
Finally, it is hypothesized that larger mid- and upper-level relative humidity values are necessary ingredients
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for robust, large-amplitude, and regular diurnal oscillations of Tbs in TCs.

1. Introduction

Early studies of cloud cover and rainfall over the
tropical ocean and on tropical islands identified diurnal
oscillations within these fields that results from the
variability of convection throughout the day (Riehl
1947; Brier and Simpson 1969; Gray and Jacobson 1977,
Weickmann et al. 1977). In addition to the influence of
the semidiurnal atmospheric thermal tide, these studies
note that the size of the island alters cloud cover and
rainfall throughout the day—a finding that points to
differences between the convection over the open ocean
and convection affected by daytime, overland heating.
In investigating prominent diurnal pulsing in the inter-
tropical convergence zone using sounding arrays, Ciesielski
et al. (2018) discuss the challenges that remain when
attempting to quantify the diurnal cycle over the open
ocean. Despite being restricted to a limited dataset, a
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field campaign, or a modeling framework, many studies
of the diurnal cycle in the tropical atmosphere point to
four physical mechanisms for modulating tropical deep
convection—Nicholls (2015) includes an extensive re-
view of the diurnal cycle mechanisms in the context
of tropical cyclogenesis. The “convergence/differential
heating”” mechanism proposed by Gray and Jacobson
(1977) and expanded to the tropical cyclone (TC) by
McBride and Gray (1980) suggests that subsidence is
enhanced in areas around deep convection at night
through radiative cooling. As a result, low-level con-
vergence is increased and leads to a pulse in convection
in the early morning hours. As a second mechanism,
Dudhia (1989), Miller and Frank (1993), and Tao et al.
(1996) allude to large-scale radiative cooling playing a
larger role in enhancing rainfall as the environmental
relative humidity increases overnight. The third mech-
anism is referred to as the ““direct radiative-convective
interaction” or the lapse-rate mechanism (Kraus 1963;
Randall et al. 1991; Xu and Randall 1995). In this
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mechanism, daytime shortwave radiation at cloud top
suppresses convection by stabilizing the column. At
night, longwave cooling at cloud top destabilizes the
column by increasing the lapse rates allowing for deeper
convection and increased rainfall. Hobgood (1986) sur-
mised that this mechanism combined with that proposed
by Gray and Jacobson (1977) produces diurnal oscilla-
tions in TCs. The final mechanism associates diur-
nal pulses of convection with the “remote influences of
continents” (Silva Dias et al. 1987)—a mechanism that
may explain some spatial discrepancies observed in
over-ocean diurnal oscillations.

In tropical cyclones, the diurnal oscillation is typically
described as manifesting itself through enhanced deep
convection near the eyewall; later in the cycle, the cirrus
canopy expands—the linkage between these two events
is still not completely understood. The first iteration of
this conceptual model in the literature appears in an
early television-infrared imager study by Merritt and
Wexler (1967), where the authors note that the canopy
expands from noon to the late afternoon provided that
the inner-core convection remains robust. Browner et al.
(1977), Muramatsu (1983), Lajoie and Butterworth
(1984), and Steranka et al. (1984) refine understanding
of the nature of the cycle using brightness temperature
(Tb) thresholds and split-window differences with in-
frared (IR) imagery. While this body of literature shares
similar overarching findings that tropical cyclones ex-
hibit diurnal oscillations in several meteorological fields,
the individual studies reach different conclusions re-
garding the phase and amplitude of the oscillation. It is
likely that these discrepancies arise from small sample
sizes, the stage of the tropical cyclone life cycle (e.g.,
genesis, rapid intensification, quasi-steady state), mete-
orological variable (e.g., a metric for deep convection,
circus canopy extent), dataset and threshold used, or the
influence of the semidiurnal atmospheric thermal tide
as postulated by Kossin (2002). In recent examinations
of the diurnal oscillation, a more thorough version of the
daily procession for convection in mature TCs has
emerged. Dunion et al. (2014, hereafter D14) focus on
evaluating IR data for cases with weak environmen-
tal deep-layer shear in the tropical North Atlantic
that reach intensities at or greater than category 2
(=43 ms ) on the Saffir—Simpson hurricane wind scale.
In Table 2 of D14,' the authors outline the progression

! We note that the time ranges and radii listed in Table 2 of D14
are for the “diurnal pulse passage” of the cirrus canopy warming
and cooling as defined by 6-h differences in Tbs while the schematic
of the 24-h conceptual clock presented in Fig. 10 of D14 denotes the
“‘arrival time of the TC diurnal pulse.”
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of the diurnal pulse of the cirrus canopy in mature
tropical cyclones based on 6-h differences in Tbs—the
peak IR cooling associated with the diurnal pulse
passes a radius of 200 km between 0400 and 0800 local
standard time (LST) and a radius of 600km between
1600 and 2000 LST; the peak IR warming associated
with the minimum in deep convection passes a radius of
200 km between 2000 and 0000 LST and a radius of 600 km
between 0200 and 0600 LST. The D14 diurnal clock
mirrors the cycle described by Muramatsu (1983) for
mature typhoons and the pattern documented in other
types of tropical convection (see Ciesielski et al. 2018).

Kossin (2002), Bowman and Fowler (2015), and
Leppert and Cecil (2016) note that the diurnal cycle is
either not evident in some TC cases or that the signal
does not follow the pattern outlined in prior work. In
fact, Kossin (2002) states that few storms in his study
have a strong diurnal signal in the deep-convective re-
gion within 200 km of the center using IR data. Through
analyzing TRMM data to examine inner-core and
rainband region convection, Bowman and Fowler (2015)
and Leppert and Cecil (2016) also find that not all TCs
exhibit a diurnal signal and that the diurnal signal is
often entangled with the semidiurnal tide—findings that
are consistent with Kossin (2002). These findings may
appear to conflict with the D14 clock and suggest a gap
in understanding diurnal oscillations in tropical cy-
clones. But, it is worth noting that the disconnects likely
arise from region and field of interest (e.g., deep-
convection in the inner-core region, canopy extent in the
rainband region). Unfortunately, most numerical mod-
eling studies on this subject have concentrated primarily
on two topics: producing diurnal oscillations in modeled
TCs and exploring the aforementioned physical mech-
anisms that may be responsible for diurnal oscillation of
deep convection in TCs rather than the interplay be-
tween phase and amplitude of diurnal oscillations, storm
characteristics, and storm large-scale environment. We
will make comments on the latter when we summarize
and discuss our results.

Given the ubiquity of the physical mechanisms asso-
ciated with diurnal oscillations in the tropical atmo-
sphere (e.g., Yang and Slingo 2001; Ciesielski et al.
2018), we are interested in understanding why the dis-
crepancies in the TC literature exist by examining the
global frequency of the presence of diurnal oscillations
in tropical cyclones, the types of storm environments
that diurnal oscillations would be expected, and storm/
environment combinations that display robust diurnal
oscillations. In section 2, we outline our datasets that
consist of a satellite IR archive as well as storm and envi-
ronmental parameters. Section 3 details our methods and
findings resulting from quantifying the diurnal oscillations
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in the IR data, examining the tropical cyclone envi-
ronment in our stratification of the types of diurnal
oscillations found in tropical cyclones, evaluating a re-
gression analysis of the environment, and applying our
findings to two out-of-sample storms from the 2018
North Pacific tropical cyclone season. In section 4, we
will discuss implications of our results.

2. Data

Northern Hemisphere, storm-centered, geostationary-
satellite IR imagery, TC best track files, and large-scale
environmental diagnostics are the primary datasets used
in this study.

To help quantify the diurnal variations of deep con-
vection associated with Northern Hemisphere TCs, we
use IR satellite imagery over the period from 2005 to
2015 from an archive maintained at the NOAA Re-
gional and Mesoscale Meteorology Branch that is col-
located with the Cooperative Institute for Research in
the Atmosphere (CIRA) at Colorado State University.
The archive has navigated digital IR Tb images with
central wavelengths near 11 um that have been remapped
to a common 4km X 4km resolution Mercator projec-
tion from the global constellation of geostationary sat-
ellites. For each TC in the dataset, the archive contains
images at approximately 30-min temporal resolutions.
For this analysis, 730 TCs are considered with 641 ulti-
mately used. Exclusion of TCs from the analysis was
done based IR imagery availability or best track inten-
sity constraints discussed in section 3. The resulting
dataset thus considers 77323 unique images, resulting
in 13145 24-h periods (cases), many with overlapping
time periods (0-24, 6-30h, etc.), that are used for spa-
tial, composite, and regression analysis as described in
section 3. For the remainder of this paper, we refer to the
dataset as the CIRA IR archive—Mueller et al. (2006),
Zehr and Knaff (2007), and Knaff et al. (2014) provide
additional details of the CIRA IR archive. In the context
of diurnal and semidiurnal oscillations, Kossin (2002)
used an earlier version of the CIRA IR archive to ex-
amine difference between the deep convective regions
and the cirrus canopy.

Estimates of storm location and intensity are provided
by the tropical cyclone best track database files of the
Automated Tropical Cyclone Forecast (Sampson and
Schrader 2000) system. This dataset amalgamates in-
formation generated by the National Hurricane Center,
the Central Pacific Hurricane Center, and the Joint
Typhoon Warning Center at six-hour intervals. It is
important to note that these operational TC centers use
the same 1-min maximum wind conventions for intensity
estimation. However, since the subjective classification
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of tropical depression varies among basins and forecast
centers, TCs with intensities less than 34kt (17.5ms ")
are not considered in our analysis. For this work, we use
cubic-spline interpolation to calculate position and in-
tensity data as a function of time from the six-hour data
in the best track files.

To assess the mean environment of tropical cyclones,
we leverage the large-scale diagnostics calculated from
operational numerical model output for the purposes of
developing statistical-dynamical forecast models of in-
tensity (DeMaria 2009; DeMaria et al. 2005; Kaplan
et al. 2015), and wind radii (Knaff et al. 2017). A de-
scription of the Statistical Hurricane Intensity Predic-
tion Scheme (SHIPS) Developmental Dataset is available
on line at http://rammb.cira.colostate.edu/research/tropical _
cyclones/ships/developmental_data.asp — the dataset and
description are updated annually and freely available
(SHIPS 2018).

3. Methods, exploration, and findings

The purpose of this paper is to quantify diurnal os-
cillations of Tb fields discerned from IR data within
600 km of TC centers, to explore environmental factors
that may modulate the intensity and/or regularity of
these diurnal oscillations, and to determine if there are a
set of storm characteristics and environmental condi-
tions that are more favorable for diurnal oscillations
in TCs.

a. Quantifying diurnal oscillations with IR data

The CIRA IR archive and the best track data are used
to create storm-centered IR imagery on a polar grid that
is rotated with respect to storm translation (to the top of
the page) using the method described in Knaff et al.
(2014). The polar grid has a 4-km radial X 10° azimuthal
grid spacing and extends to a radius of 602km. A prin-
cipal component analysis (PCA) is performed on the
covariance matrix of IR Tb polar analyses for the entire
TC archive. This type of PCA is used to identify or
isolate spatial patterns associated with the largest vari-
ations in the data (Wilks 2006). The normalized spatial
loading factors, or empirical orthogonal functions
(EOFs), associated with the first four principal compo-
nents (PCs) for all cases in the TC IR image archive are
shown in Fig. 1. Table 1 provides the variance explained
and interpretation of each of these PCs. These spa-
tial patterns are orthogonal (mutually uncorrelated) in
space, the coefficients of different EOFs are orthogonal
in time, and there is no set of fewer functions (EOFs)
that will specify the variance patterns (here, Tb anom-
alies) as precisely (Barry and Perry 1973). An identical
analysis of IR imagery and description of the patterns
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FIG. 1. Normalized patterns associated with the first four principal components of storm direction relative,
TC-centered IR images. Descriptions of the spatial patterns are in Table 1 and a detailed discussion can be found in

Knaff et al. (2015).

associated with the first 12 EOFs are found in Knaff
et al. (2015).

Examining the PCs associated with the fourth em-
pirical orthogonal function (EOF4).> which explains
8.9% of the Tb variance, reveals an interesting regular
pulsing behavior that seems related to oscillations of
cloud-top Tbs that spatially behaves similarly to the di-
urnal oscillations of the areal extent of TC cirrus canopy

2This 2D pattern has a 1D (azimuthally average) counterpart
that is used in Knaff et al. (2014, their Fig. 1) to study/estimate TC
size variability; suggesting that variations of EOF4 may also be
related to TC size variations.

in Browner et al. (1977), Muramatsu (1983), Lajoie and
Butterworth (1984), and Kossin (2002), and the timing of
outward propagation of cloud-top temperatures discussed
in D14. We examined the behaviors of PC4 [i.e., varia-
tions associated with EOF4 (Fig. 1)], with respect to LST
instead of coordinated universal time (UTC) for the
cases discussed in D14, and it appears that PC4 is cap-
turing the diurnal variations documented in previous
work. Figure 2 shows the normalized PC4 for three of
the cases used in D14—PC4 reaches a minimum earlier
in the day and a maximum later in the day. This Tb
pattern, unlike those in D14 who examines Tb trends/
changes occurring over a 6-h period, does not appear
to propagate outward, but rather pivots at a radius of
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TABLE 1. Interpretation and percent variance explained associ-
ated with the EOFs shown in Fig. 1. A more thorough analysis and
discussion of the EOFs can be found in Knaff et al. (2015).

Percent
IR EOF/PC Interpretation variance explained

1 Size/intensity of the 322
cloud shield

2 Azimuthal wave 1 11.5

3 Azimuthal wave 1, 10.7
quadrature phase

4 Symmetric pulsing 8.9
variability

approximately 220 km. It is also noteworthy that none of
the other PCs examined (1-3) here have similar diur-
nally oscillating behaviors—this result is consistent with
the mutually uncorrelated nature of PCs.

Based on these findings, the hourly averages of PC4
with respect to LST are calculated for all TCs with at
least tropical storm (ALL), hurricane (H), and major
hurricane (MH) or greater intensities in our dataset. For
all three categories of intensity, Fig. 3 shows a vibrant
mean diurnal oscillation with a minimum of PC4 in the
morning hours, 0300 to 0900 LST, and a maximum in the
afternoon hours, 1400 to 1800 LST. The mean amplitude
is about 0.3 or 0.4 standardized deviations of the nor-
malized value of PC4, for ALL, H, and MH cases. Be-
cause the mean behavior captures the oscillating diurnal
pattern, we perform a linear regression between the PC4
observations and the mean variations, shown in Fig. 3, to
determine if the TC cases have PC4s oscillating in a
similar manner. Since the times of the observations are
variable, we use cubic-spline interpolation to provide
the value of the mean oscillation at the observation’s
LST. We use the hourly mean diurnal cycle associated
with the ALL sample, given the similarities in shapes of
the mean oscillations. The coefficient of determination
provides a measure of the goodness of fit (i.e., R*) and
the slope (b) of the regression line provides information
about the sign and amplitude of the relationship. Using
these two pieces of information, we divide our sample
into five categories: strong diurnal (SD), moderate di-
urnal (MD), neutral (N), moderate antidiurnal (i.e.,
out-of-phase/negative slope) (MA), and strong antidiurnal
(SA), as described in Table 2. The sign of the slope
determines if the case is diurnal (+) or antidiurnal (—).
For strong and moderate categories, we require that at
least 50% or 25% of the variance of an individual 24-h
period be explained and the absolute value of the slope b
(i.e., amplitude) be greater than 2 and 1, respectively.
For each 24-h sample (or case), we require that at least
10 data points (i.e., images) are available to create the
regression. Using these categories, the oscillating behavior
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FIG. 2. The 4-day time series of the fourth principal component
(PC4) for Hurricanes Ivan (2004), Felix (2007), and Emily (2005),
starting on 9 Sep, 1 Sep, and 14 Jul, respectively.

(diurnal cases strong and moderate) occurs in over
45%, 54%, and 61% of the ALL, H, and MH cases,
respectively.

As a visual example, Fig. 4 shows the time evolution of
the Tb field associated with PC4 with mean amplitudes
corresponding to a slope of two and a mean daily value
of PC4 equal to zero, which mimics the minimum am-
plitude of SD cases. In this example, a negative (cold)
anomaly (—2°C) develops in the inner-core region and a
positive (warm) anomaly (2°C) develops outside 220 km
of the TC by 0030 LST and by 0830 LST the inner-core
cold anomaly increases in amplitude to less than —5°C
and the warm anomaly increase to 4°C outside 220 km.
The inner-core negative anomaly erodes and a positive
(warm) anomaly greater than 3°C develops by 1630 LST
and the warm anomaly beyond 220-km radius erodes
and a negative anomaly colder than —3°C develops by
1630 LST. The timing of Tb evolution outside 220 km
shows cooling beginning after sunrise (0800 LST) and
warming beginning near sunset (1800 LST). Given the
thresholds for the five categories, the TCs in the strong
diurnal, SD, or strong antidiurnal, SA, categories have
Tbs that oscillate over at least a 7°C range from maximum
to minimum. It is however difficult from this analysis to
determine cloud type (e.g., convective, stratiform, cirrus)
or IR optical thickness because the IR data only provides
cloud-top Tb information. Based on our classification
thresholds, this value is about half the magnitude of
the oscillations seen in 6-hourly IR image differences
observed in the 31 major hurricanes documented in
D14. We expect these amplitude differences due to our
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F1G. 3. Mean daily cycle of the fourth principal component (PC4)
for all TCs with intensities greater than 34kt (ALL), hurricane
cases or greater than 64 kt (H), and major hurricanes or intensities
greater than 95kt (MH).

classification criteria and the use of a larger more
comprehensive dataset in our analysis.

Another way to depict the information shown in Fig. 4
is to show the temporal evolution of the azimuthal mean
result. The left panel of Fig. 5 shows the hourly evolution
of azimuthally averaged EOF4 corresponding to the
ALL PC4 with an amplitude (slope) of two as shaded
contours and the spatial and temporal derivative as
contours, which again mimics the minimum amplitude
of SD cases. The ranges of the D14 clock are shown as
red dashed lines. Again, the Tbs are not propagating
with a node near 220-km radius. There is also an indi-
cation that the cooling inside 220 km is nearly simulta-
neous with the warming outside 220 km. The time-space
derivative show some evidence of slight radial propa-
gation within the diurnal clock ranges outside of 220 km.
In fact, when the contour interval is reduced to 0.1 the
minimum is seen moving outward between ~240km at
0900 LST to ~500km at 1800 LST (not shown). In the
right panel of Fig. 5, we try to replicate the 6-hourly
differences discussed in D14 by performing a 6-h dif-
ference of the Tbs shown in the left panel (shaded)
and the temporal and spatial derivatives (contours)—
differencing is commonly used to stabilize means and
remove trends and seasonality in a time series (Hyndman
and Athanasopoulos 2013). In this work, the shaded Tb
differences show a slight tendency to propagate outward
with time, particularly in 240-500-km radii at approxi-
mately 0800-1800 LST. These differences also shift the
patterns in time, moving the maximum warming at 400—
500km to just before midnight, where the maximum Tb
anomaly occurs at ~0600 LST in the Tbs. The differencing
also reduces the magnitude of the oscillations within
220-km radius and shifts the minimums from early to
midmorning (left) to just before midnight (right).

There are notable differences between the PCA-
based pattern of Tbs and how they oscillate diur-
nally and the oscillations shown in D14. The temporal
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TABLE 2. Slope b and variance explained (R?) values associated
with the five categories of diurnal oscillations used in this study.

Variance
Category Slope b explained (R?)
Strong diurnal (SD) b=20 R?=0.50
Moderate diurnal (MD) 20>b=1.0 0.50 > R* = 0.25
Neutral (N) 1.0>b>-10 R?><025
Moderate antidiurnal (MA) -20<b=-10 0.50 > R*>=0.25
Strong antidiurnal (SA) b=-20 R?=0.50

evolution of this pattern shown in Fig. 4 does not indi-
cate radial propagation, rather a nearly symmetric di-
urnal signal where infrared brightness temperatures
oscillate from warm to cold and cold to warm within
and outside of a radius of approximately 220 km, with
maximum central cooling occurring in the early morning
(0300-0800 LST), and a nearly simultaneous maximum
warming occurring near the 500-km radius. The D14
work also does not find much diurnal variability inside
200 km. The analysis in Fig. 5 shows derivatives moving
outward beyond 240km as well as some of potentially
important (for interpretation) differences due to ex-
amining 6-h Tb differences instead of Tb anomalies.
Thus, we feel the patterns documented here are likely
related to the oscillations discussed in D14. But, we ask
the readers to recognize that the oscillation is based on
variance structures in Tb anomalies—not temporal Tb
differences—and that the discrepancies between the
two types of analyses are to be expected.

b. Quantifying the TC environment

With the stratification of TC cases into the SD, MD,
N, MA, and SA classifications, we examine the TC large-
scale environmental factors associated with each diur-
nal classification to elucidate environmental differences
that may correspond with observed diurnal oscillations
of IR Tbs. For this work, we select and investigate basic
TC characteristics and environmental factors known to
affect TC intensity and structure by using the SHIPS
Developmental Dataset (Table 3). The TC characteris-
tics include latitude (LAT), storm speed (SPD), inten-
sity (VMAX), and an IR-based TC size (TCSZ; Knaff
et al. 2014). These general characteristics allow us to say
if the sample is different (e.g., poleward, faster, weaker,
bigger). The environmental factors include deep verti-
cal wind shear (SHDC), generalized vertical wind shear
(GSHR), environmental pressure (ENVP), oceanic
heat content (OHC), relative humidity in three layers
(RHLO, RHMD, RHHI), 200-hPa divergence (D200),
200-hPa relative eddy flux convergence (REFC), the
850- to 700-hPa temperature advection (TADV), the
500-km tangential winds at 850 hPa (VT85) and 300 hPa
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FIG. 4. Example of the IR Tb changes associated with the fourth principal component (PC4) amplitudes that are twice as large as the
observed mean diurnal oscillation associated with all TC cases with intensities greater than 34 kt in the best track files. These idealized
depictions mimic the behavior observed with strongly diurnal (SD) cases as defined in this study.

(VT30), and the temperature at 150 hPa (T150), 200 hPa
(T200), and 250hPa (T250). Using the SHIPS De-
velopmental Dataset, average environmental conditions
are calculated over the daylong period when the diurnal
oscillations are quantified/observed. To aid the reader
and limit verbosity, Table 3 provides information on
how the parameters are calculated, units, and a de-
scription of what each environmental factor represents.

For these TC characteristics and environmental con-
ditions, relatively simple Student’s ¢-test statistics
[Student (William S. Gosset) 1908] are calculated to
conduct hypothesis testing to determine if differences in
mean values are statistically different assuming in-
dependent samples while recognizing that the samples
will be reduced by the time between independent sam-
ples (Leith 1973; Wilks 2006). To be very conservative,
we will assume that time is 24h, which reduces the
degrees of freedom by a factor of 2.7. We also increase
the intensity stratifications by adding minor hurricanes
(mH) and tropical storms (TS), with intensities ranging

from 64 to 96kt (where 1kt = 0.5144ms™ ") and 34 to
64 kt, respectively. These composite differences tell us
what factors have significant mean differences. We will
use these categories for intensity. However, we keep the
discussion of composite and regression results (in section
3c) to ALL, TS, mH, and MH categories for brevity.
With the majority of TCs showing some amount of
diurnal oscillations, we first examine the mean spatial
variability of the regression coefficient for our combined
sample (ALL) as shown in Fig. 6. Note that overland
cases are used here to examine if proximity to land can
be used to infer obvious changes in diurnal behavior. A
two-pass Barnes (1964) analysis is used to map the re-
gression coefficient to an even latitude by longitude grid
from the combined ALL sample (i.e., an estimate of the
spatial mean value at that latitude and longitude point).
For the first and second pass, the radius of influence is
1500 and 500 km and the e-folding distance is 750 and
500 km, respectively. This analysis allows us to see where
the diurnal oscillations, in a spatial mean sense, are most
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FIG. 5. Two diurnal cycles with respect to LST of the radius vs time depiction of the azimuthally averaged behavior
of (a) EOF 4 and (b) EOF 4 minus the values of EOF 4 from 6 h earlier. Both plots show the temperature variations
associated PC values that are twice the observed mean diurnal oscillation associated with all TC cases with intensities
greater than 34 kt (i.e., ALL) (shaded), the derivative temperature variations with respect to time and radius (black
contours), and the ranges of the diurnal clock presented in D14 are indicated by the red dashed lines. These idealized
depictions mimic the behavior observed with strongly diurnal (SD) cases as defined in this study.

in and out of phase with the mean diurnal oscillation that
is shown in Fig. 3. Keeping the number of cases used in
the analysis (Fig. 6, top) in mind, Fig. 6 (middle) shows
that the largest in-diurnal-phase response is mostly
confined to the latitudes equatorward of 25° and gen-
erally where the most intense storms occur, Fig. 6
(bottom). Proximity to land also does not noticeably
appear to influence diurnal behaviors of TCs. Of note,
the strongest diurnal oscillations (positive R) occur in
the Gulf of Mexico, far eastern and central equatorial
Pacific, and in the Indian Ocean (Fig. 6, middle). Strong
antidiurnal-phase responses (negative R) are found in
areas with strong subtropical high pressure centers and
SSTs cooler than 26°C. These regions are typically lo-
cated in the central North Pacific and eastern North
Atlantic. While this suggests that the environment may
be playing a role in the strength and phase of the TC
diurnal oscillation, the results offer no clear indica-
tion of the environment factors or storm characteristics
that modulate the diurnal oscillations. For instance, the
subtropical high regions typically have lower underly-
ing sea surface temperatures, exhibit upper-level
convergence, contain drier conditions in the mid- and
upper levels, possess higher SHDC and GSHR, and
thus support the development of weaker TCs.

Using the same cases as Fig. 6, we perform a com-
posite analysis to further examine the environmental
factors and storm characteristics (see Table 3) for TS,
mH, and MH cases. Table 4 shows the composite means
of our five diurnal stratifications for each of these in-
tensity classes. In this table, only the mean conditions for
the SD cases and those means that are significantly dif-
ferent (using a Student’s ¢ test with reduced degrees of
freedom) from the SD composite means are shown. Of
note, the TS and mH cases have quite similar composite
results. The SD cases appear to occur at equatorward
LAT, slower SPD, and higher VMAX. TCSZ did not
significantly vary with the diurnal cycle—this is true for
all diurnal oscillation categories and is not discussed. All
SD cases are associated with environments that have
lower SHDC and GSHR, higher OHC, higher values of
RHHI® and RHMD,* lower TADV, and colder T150
conditions. Examining just MH cases, SD cases occur at
poleward LAT, faster SPD, lower D200, and more
TADYV than the other diurnal stratifications. The latter
finding may suggest that environmental conditions

3 Sample mean values of RHHI are 58%-59%.
* Sample mean values of RHMD are 62%—63%.
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TABLE 3. A list of storm characteristics from the TC best track database files and environmental factors derived from the SHIPS
Developmental Dataset used in this study along with a brief description and acronyms that will be used in the text.

Acronym Units Description
Storm characteristics
LAT ° latitude Latitude of the TC center
SPD kt Storm motion speed
VMAX kt Maximum intensity of the storm
TCSZ ¢ latitude IR-based TC size parameter (Knaff et al. 2014)
Environmental predictors (time averaged from ¢t = 0 to t = 24 h)
SHDC kt 850-200-hPa wind shear magnitude within 500 km of the TC
GSHR kt 850-200-hPa generalized wind shear calculated as the mass-weighted root-mean-
square deviations of the winds from the mass-weighted deep-layer mean winds
times a factor of 4 calculated in a 200-800-km annulus (Knaff et al. 2005)
ENVP hPa 200-800-km average surface pressure
OHC kJ cm ™2 Oceanic heat content between the surface and the depth of the 26°C isotherm (Shay
et al. 2000, and references within)
RHLO % 850-700-hPa relative humidity averaged within a 200-800-km annulus
RHMD % 700-500-hPa relative humidity averaged within a 200-800-km annulus
RHHI % 500-300-hPa relative humidity averaged within a 200-800-km annulus
D200 x1077s7} 200-hPa divergence calculated in a 1000-km circle
REFC ms !day ! Average relative eddy momentum flux convergence calculated in 100-600-km
annulus vs time (DeMaria et al. 1993)
TADV x1076°Cs™! Temperature advection between 850 and 700 hPa averaged from 0 to 500 km, and
calculated from the geostrophic thermal wind
VT85 x10 ' ms™! 850-hPa tangential wind azimuthally averaged at r = 500 km from the TC center
VT30 X10 ' ms™! 300-hPa tangential wind azimuthally averaged at r = 500 km from the TC center
T150 °C 200-800-km area average 150-hPa temperature
T200 °C 200-800-km area average 200-hPa temperature
T250 °C 200-800-km area average 250-hPa temperature

associated with MHs are generally most favorable
for diurnal oscillations, echoing the conclusions of
Muramatsu (1983) and D14. In our 2005 to 2015 sample,
61% of major hurricanes show in-phase diurnal oscilla-
tions (e.g., SD and MD). In accessing all five of the
diurnal stratifications for MH cases, we note that con-
ditions are favorable for TC intensity increase in that
SHDC is less than 10kt, GSHR is less than 22kt,
OHC > 60kJ cm™ 2, RHMD is greater than 64%, RHHI
is greater than 59%, D200 is greater than 1 X 10~ "s ™!,
and TADV is in a range of 0° to 3 X 107°°Cs™'. We
think this result indicates that environmental and storm
characteristic conditions associated with MHs are gen-
erally favorable for diurnal oscillations and causes of
out-of-phase behavior is likely due to factors not ex-
plicitly examined nor captured in our analysis.

It is also remarkable that a large percentage of weak
TC cases exhibit diurnal oscillations. In total, 41% and
51% of TS and mH cases have indications of in-phase
diurnal oscillations, respectively. The percentages for
TS (41%), mH (51%), and MH (61%) presented here
are similar, although a bit lower, to those found by
Ditchek et al. (2019), who examined the same 6-hourly
IR differences as D14 in the Atlantic basin (1982-2017),
developed a different diurnal metric based on D14’s

clock for classification, and found TS (46.0%), mH
(63.8%), and MH (79.5%) have long-lived cold pulses in
IR images. The pervasiveness of diurnal variations in all
TCs is a fortuitous result in that we can explore the
significant differences found in this larger sample of
ALL TC cases and look beyond the MH environments
that are very similar among the different diurnal strati-
fications. We will concentrate on the environmental
factors SHDC, RHHI, TADV, and T150 to look for the
largest differences in the ALL cases composites where
the weaker cases dominate.

Figure 7 shows the zonal mean values of VMAX,
RHHI, SHDC, TADYV, and T150 associated with ALL
intensities for each of the diurnal stratifications. This
allows for a closer examination of the latitudinal be-
havior of the environmental conditions that appears to
be most related to the strength and regularity of the
diurnal convection in TCs. Figure 7a shows that SD and
MD cases are generally more intense, again agreeing
with D14 and Ditchek et al. (2019). Figure 7b shows the
zonal means of RHHI—for most cases (e.g., in latitudes
from 15° to 30°), it appears that higher RHHI values are
typically related to more pronounced diurnal oscilla-
tions. Again, equatorward of 30°, Fig. 7c shows that
lower vertical wind shears are associated with more
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FIG. 6. The figure is created using a two-pass Barnes (1964) analysis
with 1500 and 500 km being used as the radius of influence and 750
and 500 km e-folding distances being used in the first and second pass,
respectively. (top) The number of cases used in the second pass
of the Barnes analysis, (middle) regression coefficient/diurnal strength
(R) between the mean IR diurnal oscillation in tropical cyclones
and observed storms, and (bottom) the mean intensity (VMAX).

pronounced diurnal cycling. Figures 7d and 7e show that
TADYV and T150 are not as clearly stratified as a func-
tion of diurnal oscillation strength, though slightly lower
TADYV and cooler T150 seem more common for di-
urnally oscillating TCs equatorward of 30°. These ana-
lyses are suggesting that SHDC and RHHI may be more
important environmental factors for diurnal oscillations
of TCs than TADYV or T150. However, as is the case with
the composite analyses, it remains difficult to untangle
the environment from the intensity. In an additional
attempt to separate the environmental and intensity
factors, section 3c presents regression-based results.

¢. Regression analysis of the environment

The environmental and tropical cyclone data associ-
ated with the diurnal cases is rather noisy and the
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environmental factors are covarying. Here we examine
multiple linear regressions to help determine which
factors are, relative to each other, more important in
the observed diurnal variability and where the diurnal
variability is most sensitive to those factors. We use a
simple averaging strategy to reduce the variability and
regression analysis to address the issue of colinearity.
To create an averaged dataset that covers the vari-
ability found in the original data, we sort the cases
by regression coefficient between hourly LST average
PC4 and observed PC4 (R) or diurnal strength,
VMAX, SHDC, RHHI, and TADV—noting that
T150 did not have any significant variability with R,
but TADV did. Once sorted, we create an averaged
dataset using increments of 100 cases. This data
chunking procedure results in five averaged data se-
ries that are 97 cases long for a total of 485 average
scenarios that we then apply multiple regression to;
regressing VMAX, SHDC, RHHI, and TADV against
R. This ensures that we cover much of the dimen-
sionality of the original dataset. Table 5 shows the
result of the multiple regression that explained 15% of
the variance in the averaged sample. Regression
analysis results provide different deductions. Results
suggest that higher values of RHHI and VMAX are
important to the diurnal variation of TC cloud-top IR
brightness temperatures and that TADV and SHDC
likely play a lesser, but potentially important role in
modulating the strength and phasing of TC diurnal
oscillations.

The multiple regression analysis also lets us examine
the residuals in the multiple regression as a function of
each individual variable; effectively removing the con-
tributions of the other independent variables. Figure 8
shows the residuals associated with VMAX, SHDC,
RHHI, and TADV—the interpretation of the residuals
needs some explanation. Residuals are predicted minus
observed and as a result the signs of the residuals are
opposite of the sign of the relationship. Addition-
ally, residuals are calculated holding the variability
of other independent variables fixed, which removes
collinearity amongst the independent variables.
Slight positive (i.e., VMAX, RHHI) and negative (i.e.,
SHRD, TADYV) residual slopes indicate systematic
negative and positive errors in the regression relation-
ships (or under forecasting), which is typical of squared
error minimization approaches. Finally, larger scatter in
the residuals indicates that the fit is less certain. We
concentrate on ranges of each environmental factor
where the relationship with diurnal TC oscillations is
poorest, which is another way at looking at the sensi-
tivity of these factors to diurnal oscillations of TC
convection.



JUNE 2019

KNAFF ET AL.

2115

TABLE 4. Composite analyses of tropical cyclones stratified by their diurnal classification and intensity. Bold, italic, and plain fonts
represent statistical significance at the 99%,97.5%, and 95 % relative to the strong diurnal cases. Only variables with statistically significant

differences are shown.

Variable Strong diurnal Moderate diurnal

Neutral Moderate antidiurnal Strong antidiurnal

Tropical storms (TS)

No. (%) of cases 1045 (14%) 1977 (27%)

LAT 18.95 19.63
SPD 9.82
SHDC 13.32 13.78
GSHR 23.75
OHC 45.84 42.01
RHMD 65.44 64.44
RHHI 59.61 58.29
D200 0.30
TADV 1.30
T150 —66.67

Minor hurricanes (mH)

No. (%) of cases 635 (17%) 1275 (34%)

LAT 20.22
SPD 10.28
VMAX 78.27
SHDC 11.95
GSHR 22.53
OHC 43.48
RHMD 65.18 64.06
RHHI 59.50 58.22
TADV 1.61
T150 —66.39 —66.22

Major hurricanes (MH)

No. (%) of cases 442 (21%) 842 (40%)

LAT 19.18
SPD 10.53
OHC 61.30
D200 0.76
TADV 2.09

3115 (43%) 844 (12%) 328 (4%)
21.05 22.73 2277
1021 10.47
14.89 15.52 14.86
2537 26.43 25.62
38.08 3147 27.53
62.93 60.28 61.00
56.35 52.54 52.87

0.12
2.00 2.94 247
—66.27 -65.94 -65.79

1480 (40%) 263 (7%) 70 (2%)

21.81 22.76 24.60

11.25 12.24

76.30 75.00 72.84

12.55 13.89 13.92

23.61 25.99 25.77

38.22 35.00

62.56 59.69 58.24

56.27 53.38 52.50

3.29 4.94 5.60

-65.99 -65.73 -65.37
689 (33%) 105 (5%) 35 (2%)

18.00 17.41

9.79 8.63 6.89

64.96 68.23 69.73

275 7.00

0.55

The multiple regression residuals as a function of
VMAX show that the largest residual scatter is confined
below ~75 to 80 kt—an intensity that is associated with
the first persistent eye in IR imagery (Vigh et al. 2012).
The residual analysis as a function of SHDC, which is the
weakest factor in the multiple regression, shows that
diurnal oscillations are most sensitive in the range of 10
to 17kt. These SHDC ranges are higher than values that
are typically favorable for intensification (DeMaria and
Kaplan 1999; DeMaria et al. 2005; Kaplan et al. 2010;
Knaff et al. 2005, 2018) and have been often referred to
as moderate shear in the literature. The residuals asso-
ciated with RHHI suggest that the greatest diurnal os-
cillation sensitivity in TCs occurs when the RHHI values
are between ~50%-64% . Higher values of RHHI seem
related to more pronounced TC diurnal oscillations and
those oscillations are likely under predicted by the re-
gressions developed here. RHHI values below 50% are
generally negatively related to R and have small
residuals. This may explain the propensity of diurnal

oscillations associated with storms in the Gulf of Mexico,
western Caribbean, and Bay of Bengal (see Fig. 6) as
these are regions with climatologically higher mid- and
upper-level humidity values. Similarly, diurnal oscilla-
tion sensitivity from temperature advection is found in a
narrow band between roughly 0 and 5 X 107¢ °Cs™!
suggesting that large values of temperature advection
inhibit the diurnal oscillations of convection. This is likely
important for those storms interacting with the mid-
latitudes or transitioning to extratropical cyclones.

d. Application to storms in the 2018 tropical
cyclone season

In this section, we apply our findings based on data
from 2005 to 2015 to an examination of the diurnal os-
cillation categories and mid- and upper-level relative
humidity values in tropical cyclones during the 2018
North Pacific tropical cyclone season. Figure 9 shows the
evolution of major Hurricane Hector (left panels) and
Typhoon Maria (right panels)—note that the data is
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FI1G. 7. Zonal mean values of (a) VMAX, (b) RHHI, (c) SHDC, (d) TADV, and (e) T150 environmental factors
associated with all tropical storm and hurricane cases (ALL) and stratified by diurnal classification. Strong diurnal,
moderate diurnal, neutral, moderate antidiurnal, and strong antidiurnal stratifications are shown in red, orange,

gray, light blue, and blue, respectively.

based on the 2018 operational SHIPS dataset (i.e.,
values are calculated from 6-h forecasts) and prelimi-
nary best track files. Both systems underwent genesis
with a moderate amount of environmental moisture—
this elevated moisture content corresponds with moder-
ate to strong diurnal oscillations. Both systems also
reached major hurricane/typhoon intensities (>96 kt) and
maintained those intensities for many days—indicating
that the environment with respect to ocean and

atmospheric conditions remained rather favorable for
intensification and maintenance. However, as the sys-
tems mature and reach their peak intensity, the favor-
ability of environmental moisture deviates between the
two systems that manifests itself in the diurnal oscilla-
tion. As hurricane Hector tracks from the eastern to the
central North Pacific and the environment around the
storm dries as evidenced by the mid- and upper-level
relative humidity, Hector exhibits a neutral diurnal
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TABLE 5. Results of the averaged variable multiple regression analysis vs R. The multiple linear regression explained 15% of the
variance in this averaged sample. Student’s ¢ test probabilities based on a one-tailed test as the signs of the relationships are known based

on prior composite analysis.

Variable Coefficient t statistic P value
Intercept —62.6322 —3.62174 0.000318
VMAX (kt™1) 0.568 652 4.506 956 7.97 x 107°
SHDC (kt™ 1) —0.79134 —1.5691 0.117172
RHHI (% 1) 1.125289 5243254 222 %1077
TADV [(107¢ x °Cs™1)7!] —-0.83161 —1.854 54 0.064 173

oscillation as shown by the top-left panel in Fig. 9—the
value of the slope of the regression line (b) for the pe-
riods classified as moderate diurnal are between 1.0 and
1.4. The environment around Typhoon Maria stays
moist while the intensity of the system is in a quasi-
steady state period. Maria retains a robust diurnal
oscillation—the value of b is between 1.7 and 2.0 during
periods classified as moderate diurnal (cf. Table 2). As
the storms change intensities and begin to experience
environmental changes, the jumps between the diurnal
oscillation classifications shown in the top row of panels
in Fig. 9 are consistent with the sensitivities highlighted
by the regression analysis of the environment in section
3c and Fig. 8. While we only highlight two cases here,
both Hector and Maria suggest that our classifications
and interpretation of the of typical environmental con-
ditions for diurnal oscillations are relatively robust and
are likely indicative of a larger pattern that might be
responsible for the discrepancies we see in the diur-
nal cycle literature (e.g., Kossin 2002; D14). We also
examined a couple other relatively long-lived TCs and
found similar behavior (not shown). Hurricane Lane
(2018) exhibited pronounced diurnal oscillations when
the storm had intensities above 80 kt and relatively high
values of mid- and upper-level relative humidity. Hur-
ricane Florence (2018), which had a more compli-
cated evolution, displayed less diurnal regularity, but
nonetheless a similar behavior.

4. Synthesis, discussion, and hypothesized
implications of findings

Knaff et al. (2015) note that in TC IR imagery the
fourth EOF/PC exhibits a symmetric pulsing variability
pattern. In section 3, we extend this interpretation by
linking PC4 to the diurnal variability observed in the IR
data. PC4 is one of several IR-based metrics that can be
used to capture the diurnal oscillation (e.g., Kossin 2002;
D14). However, the benefit of PC analysis is that it
represents a robust statistical approach whose spatial
patterns and temporal evolutions are mutually uncorre-
lated and represent the most efficient representation of

the variance in a dataset (see Barry and Perry 1973;
Bretherton et al. 1992; Wilks 2006). The PC analysis has
allowed us to partition the degree of the diurnal os-
cillation variability (e.g., diurnal, neutral, antidiurnal)
in Northern Hemisphere TCs without forcing the

-4
k]
.
3
3
g
-3 o
140 155
(-4
-
o
M .
"
3
b=
]
(-5
40 a5
SHDC [kt]
100
75
g:_ 50 -
2 25 -
- 0
2 25
& -50
-75
-100 DR
20 30 40 50 60 70 80 90
RHHI [%)]
100
75
= 50
° 25 .
s 0 . v P .
:g _25 * * ﬁ. *
& -50 -

-25 -20 -15 -10 -5 0 S5 10 15 20 25 30 35 40 45

TADV [1/s E-06]

FI1G. 8. Residual analysis from the multiple regression analysis of
environmental factors related to the diurnal oscillation of IR
convection in tropical cyclones. These factors are intensity
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other environmental factors held constant.
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FIG. 9. (top) IR-based diurnal oscillation stratifications (blue bars), RHMD (brown lines), and RHHI (red lines)
and (bottom) 1-min sustained wind estimates for (left) Hurricane Hector (2018, ep102018) and (right) Typhoon
Maria (2018, wp102018). The values of RHMD and RHHI are based on the operationally produced SHIPS
diagnostics and intensities shown and positions used for IR image centering are based on preliminary/working best

track files. Date and time are in UTC.

specification of a radial region, differencing period, or
brightness temperature threshold. Given our different
approach, it is rather encouraging to see other recent
work (see Ditchek et al. 2019) also endorse categorizing
the type of diurnal signal present in observed TCs.

The data analysis presented in section 3 provides a
picture of what storm characteristics and storm envi-
ronments are associated with distinct and regular diur-
nal oscillations of deep convection in TCs. Such storms
generally move at close to 10kt forward speed and are
located at slightly equatorward latitudes. More in-
tense storms, especially those with hurricane/typhoon
strength, are also associated with diurnal oscillations of
convection. The favored environment is one with lower
vertical wind shear with values that are favorable for
intensification (<~15kt,8ms ') (DeMaria and Kaplan
1994, 1999; DeMaria et al. 2005; Knaff et al. 2005, 2018;
Velden and Sears 2014). Thermodynamically, diurnally
oscillating TCs are generally located over higher heat
content water (>30kJcm '), have cooler temperatures
aloft, and higher relative humidity in the mid- and upper

levels (>62% and >58% in the 700-500- and 500-
300-hPa layers, respectively). While not the focus of
their work, Ditchek et al. (2019) note similar changes in
relative humidity in their North Atlantic sample. Fi-
nally, relatively small but positive temperature advec-
tion also characterizes the environment.

A total of 45%, 54%, and 61% of at least tropical
storm-strength, hurricane-strength, and major hurricane-
strength TC cases have moderate or strong diurnal sig-
nals. In those cases, the general storm and environmental
conditions supporting diurnally oscillating TCs is one that
supports a symmetric vortex (e.g., higher intensity, lower
vertical wind shear, average forward motion) with only
small amounts of baroclinic interaction (e.g., positive yet
small temperature advection). The thermodynamics are
supportive of deep convection (e.g., higher heat content,
cool aloft, higher relative humidity values surrounding
the core). Of these factors, higher intensities and moister
upper-level environments are found to be slightly more
important than vertical wind shear and temperature
advection. The sensitivity analysis furthermore suggests
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that 500-300-hPa environmental humidity (RHHI)
tends to be greater than 61% in that layer for TCs that
oscillate diurnally and TCs that have higher intensities
(>80kt). These observations imply that TCs possessing
hurricane/typhoon like structures—TCs that are typi-
cally more symmetric and have eyewall structures intact
or developing—are likely to oscillate diurnally. How-
ever, the mid- and upper-level relative humidity is re-
lated to the amplitude and regularity of the diurnal
oscillations in deep convection associated with TCs.
Previous work on diurnal variability of the hydrologic
cycle (Randall et al. 1991) found that simulated tropical
oceanic convection could be forced solely by the day—
night solar heating “direct radiation—convection inter-
actions” of clouds and mentioned that other processes
could also promote a similarly phased diurnal response,
namely ‘‘radiation—dynamics—convection interaction”
(Gray and Jacobson 1977) and ‘“‘remote influences of
continents” (Silva Dias et al. 1987). Nicholls (2015) and
Ruppert and Hohenegger (2018) tend to support the
notion that diurnal variations in organized, deep-
convective systems are modulated primarily by the
mechanism described in Gray and Jacobson (1977). In
the TC case, we feel that it is likely that higher relative
humidity in the environment would likely lead to less
entrainment and deeper convection, all other factors
held constant. This is important because we also know
that tropical cyclones have broad upward motion asso-
ciated with their secondary circulation (e.g., Schubert
and Hack 1982) and have mean positive vertical motions
at 3km in most regions of the TC, save possibly the
stratiform regions (Black et al. 1996). The oscillations in
the IR Tbs within the near-core region (within about
220km) appear nearly simultaneously with the warming
beyond 220km (Fig. 5), and from examining several
cases appear to originate just outside the coldest Tb
ring, which is associated with the eyewall. Secondary
circulations are also stronger in more intense TCs
(Pendergrass and Willoughby 2009), and in less verti-
cally sheared TCs (Riemer and Laliberte 2015). We
also know that large values of positive low-level tem-
perature advection are related to TCs that are un-
dergoing extratropical transition (Jones et al. 2003)
that disrupts and tilts the secondary circulation, re-
sulting in the development of azimuthal asymmetries.
The near-core region of tropical storms is characterized
by conditional convective instability and weak upward
motion. In this region, both the direct radiation—convective
interaction and the large-scale radiative cooling mech-
anisms promote diurnal cooling and destabilization of
the upper and midlayers of the atmosphere. It is hy-
pothesized that in the region surrounding the eyewall,
cooling mostly via large-scale radiative cooling
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mechanisms triggers moist convection, but ambient
relative humidity plays a critical role in either promoting
deep penetrating convection to develop or in hindering
its development in an on or off manner. Simply stated, if
ambient mid- and upper-level relative humidity sur-
rounding the eyewall is above a relatively moist critical
value, entrainment is weak enough to allow deep con-
vection to be triggered by the documented direct and
indirect radiational cooling mechanisms. Thus, in the
neutral diurnal cases with drier mid- and upper-level
relative humidity, it is likely that the large-scale radia-
tive cooling mechanism cannot cool a dry environment
enough to promote a nocturnal pulse in deep convection
nor upper-level clouds. This finding may help to explain
why some work does not detect strong or moderate di-
urnal pulses (e.g., Kossin 2002). In our assessment, since
stronger TCs are generally symmetric and occur in fa-
vorable thermodynamics with weak temperature gradi-
ents and lower wind shear environments, the mid- and
upper-level relative humidity is the key factor for pro-
moting robust diurnal oscillations of IR brightness tem-
peratures and rainfall, with their minima and maxima,
respectively, occurring in the early morning. The nearly
instantaneous response in Tbs outside the core is likely
due to corresponding changes in the secondary circula-
tion. While many modeling studies have focused on the
impacts of changing radiation (e.g., Fovell et al. 2016;
Melhauser and Zhang 2014) or depth of the tropopause
(i.e., O’Neill et al. 2017), environmental moisture vari-
ation in the mid- and upper troposphere has not been
investigated in the context of tropical cyclone diurnal
oscillations. In future work, we hope to explore further
our hypothesis using a combination of observations
(rainfall and convection) and simple numerical model
simulations.
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