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Abstract
The diurnal cycle of convection plays an important role in clouds and water vapour distribution across the global tropics. In 
this study, we utilize integrated moisture derived from the global navigation satellite system (GNSS), satellite precipitation 
estimates from TRMM and merged infrared dataset to investigate links between variability in tropospheric moisture, clouds 
development and precipitation at a diurnal time scale. Over 16 years of observations were analysed to estimate the diurnal 
cycles for 42 sites that span across the global tropics and assess the GNSS precipitable water vapour suitability in tropical 
moisture variability studies. Results show that the GNSS technique can be successfully used for studies related to the high-
resolution temporal variability of integrated atmospheric moisture and, thus, in the analysis of multi-scale interactions and 
clouds development. For most of the analysed cases, GNSS integrated humidity shows one daily maximum (regardless of 
the season), which is related to the afternoon precipitation and cloud top temperature daily minimum. Although diurnal 
integrated moisture variations typically do not exceed 2 mm (usually below 5% of the daily mean value), in favourable large-
scale conditions such relatively small changes can lead to the development of convective clouds and can affect precipitation 
distribution. Thus, GNSS technology allows reliable monitoring of tropospheric moisture variability at a diurnal time scale, 
which can be leveraged for improved monitoring and prediction of high-impact weather.
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1  Introduction

The diurnal cycle is the primary mode of convective vari-
ability in the tropical environment (Janowiak et al. 1994; 
Dai et al. 2001; Chen and Houze 1997; Yang and Slingo 
2001). Organized deep convection is responsible for the 
vertical distribution of clouds and water vapour across 
the tropics (Ciesielski et al. 2018). Thus, monitoring and 
understanding its diurnal features, including seasonal and 

regional differences, is important for a better understanding 
of weather variability in the tropics.

Diurnal characteristics of atmospheric convection, such 
as the horizontal and vertical extent of clouds and rainfall, 
differ significantly between land and ocean (Nesbitt and 
Zipser 2003; Baranowski et al. 2016, 2019). Depending on 
the underlying surface type, the diurnal cycle of the tropical 
deep convection may be assigned to the three main regimes: 
oceanic, continental and coastal (Kikuchi and Wang 2008). 
Typical features of the oceanic diurnal cycle are an early 
morning peak and moderate amplitude, while the conti-
nental one has an afternoon peak and a distinct amplitude. 
Such behaviour in the tropical diurnal cycle of precipitation 
was found in studies based on both in-situ measurements 
(Ray 1928; Gray and Jacobson 1977; McGarry and Reed 
1978; Serra and McPhaden 2004) and satellite observations 
(Albright et al. 1985; Nesbitt and Zipser 2003; Tian et al. 
2004; Yang et al. 2008). The coastal regime, in turn, displays 
a more complex nature, distinguishing features typical for 
seaside and landside regions (Kikuchi and Wang 2008). The 
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seaside subregime is represented by large amplitude, off-
shore phase propagation and peak that tends to occur from 
late evening to the next day noon. The landside subregime 
is similar in terms of amplitude, but in this case, a landward 
phase propagation is accompanied by a peak that occurs 
from noon to evening. Coastal diurnal evolution of precipita-
tion can be found, for example, along the coasts of all major 
islands within the Maritime Continent (Baranowski et al. 
2016; Hassim et al. 2016; Sakaeda et al. 2020; Marzuki et al. 
2021). As presented by Kikuchi and Wang (2008), a divi-
sion into seaside and landside subregimes can be success-
fully applied to many localizations across the global tropics. 
Several studies, however, have noted that the precipitation 
diurnal cycle may simply be characterized by a long weak 
nocturnal peak over open oceans and a relatively narrow and 
strong afternoon peak over lands (Ramage 1964; Wallance 
1975; Gray and Jacobson 1977; Ruppert and Johnson 2015).

Depending on the underlying surface type, different 
mechanisms have been recognized to control the develop-
ment and evolution of convective clouds. Over land, diur-
nal variability is mostly driven by solar heating of the sur-
face and the planetary boundary layer: daytime insolation 
increases the lower-tropospheric temperature, and hence 
instability that leads to the water vapour uplifting, its con-
densation and, in consequence, afternoon rainfall. Night-
time radiative cooling enhances stability and suppresses 
convection (Yang and Slingo 2001). Exceptions of this rule 
are low-level jet or orography forced convective scenarios 
in which rainfall may occur during the night-time (Bonner 
1968). A less homogeneous mechanism occurs over the 
tropical ocean areas. In that case, the rainfall is often forced 
by organized, long-lived, deep convective systems (Gray and 
Jacobson 1977), of which intensification through the night 
is driven by differential radiative properties between cloudy 
and clear sky regions and results in early morning rainfall 
maximum (Nicholls 2015). Such mechanism has been iden-
tified in mesoscale convective systems, tropical cyclones, 
the intertropical convergence zone (ITCZ) and other large-
scale convergence zones (Mapes and Houze 1993; Bowman 
and Fowler 2015; Ciesielski et al. 2018; Kikuchi and Wang 
2008; Bain et al. 2010), which all show a robust, broad, 
early-morning precipitation peak. On the other hand, less 
intensive, diurnal solar heating of the sea surface may lead to 
shallow convection (Chen and Houze 1997; Bellenger et al. 
2010; Rupert and Johnson 2016) and afternoon rainfalls over 
the open ocean. This canonical distinction is modulated by 
other environmental factors, such as large-scale conditions 
(e.g. seasonality) as well as local conditions (e.g. orography 
and/or sea-breeze circulation in the coastal zone) (Torri et al. 
2019; Marzuki et al. 2021).

Tropical deep convection has been analysed using vari-
ous techniques. Many studies have been based on satellite 
infrared (IR) data, especially in terms of analysis of diurnal 

variations in cloudiness and its characteristics (Yang and 
Slingo 2001; Smith and Rutan 2003; Wu and Ruan 2016; 
Chepfer et al. 2019). Such data have been used to estimate 
tropical precipitation as well. However, in such a case issues 
related to the conversion between IR radiance and rainfall 
must be considered (Tian et al. 2004). Many studies of a 
diurnal cycle of rainfall in the tropics have been based on 
data from the Tropical Rainfall Measuring Mission (TRMM) 
(Simpson et al. 1996) or later Global Precipitation Measure-
ment (GPM) (Hou et al. 2014). Since their onboard precipi-
tation radars measure reflectance from raindrops, obtained 
results are far less constrained by conversion formulas and 
thus widely used in tropical precipitation studies (Takayabu 
2002; Nesbitt and Zipser 2003; Bowmann et al. 2005; Liu 
and Zipser 2008; Biasutti et al. 2012), albeit insufficient 
diurnal sampling at any given location.

Monitoring of atmospheric thermodynamic conditions 
has historically been a domain of soundings. However, apart 
from intensive observation periods, those are done daily or 
twice daily. As a result, the temporal resolution of sound-
ings is too coarse to resolve diurnal variability. Additionally, 
in most cases such measurements require personnel (fully 
automated sounding stations are very rare), are expensive 
and suffer from balloon drift (Seidel et al. 2011).

Considering the limitations of traditional humidity meas-
uring techniques, information about water vapour content 
can be obtained through so-called Global Navigation Sat-
ellite Systems (GNSS) meteorology (Bevis et  al. 1994; 
Guerova et al. 2016; Jones et al. 2020). GNSS is an avail-
able, weather-independent, cost-effective, automated tech-
nique for continuous monitoring of integrated atmospheric 
moisture content (precipitable water vapour, PWV) with 
high temporal (even up to seconds) and spatial (hundreds of 
permanent stations) resolutions over all major land areas. 
Furthermore, GNSS equipment can be installed on vessels 
to leverage this technology for ocean measurements (Bosser 
et al. 2021). GNSS observations are highly sensitive to the 
changes in the integrated water vapour content in the atmos-
phere, and a mean bias between GNSS PWV and radiosonde 
PWV is around 1 mm (Barindelli et al. 2018; Ding et al. 
2022). Therefore meteorological events that affect integrated 
moisture content, on various time scales, can be studied with 
this technique. For several decades, GNSS observations have 
been used for various meteorological applications (Vaquero-
Martínez and Antón 2021) such as monitoring typhoons 
(Zhao et al. 2018) and severe weather events (Nykiel et al. 
2019), predicting lightning (Suparta and Ali 2014) and 
heavy precipitation (Benevides et al. 2015), or studies on 
deep convection (Adams et al. 2013). GNSS PWV can also 
be a reliable input for storm nowcasting systems (Guerova 
et al. 2022). Because GNSS reference stations have been 
operating for about 30 years, those observations can also find 
applications in climate studies (Gradinarsky et al. 2002), that 
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leverage long time series for analyses of water vapour linear 
trends (Baldysz et al. 2018; Parracho et al. 2018) or water 
vapour interannual variability in response to climate modes 
such as El Niño–Southern Oscillation (ENSO) (Baldysz 
et al. 2021). GNSS has been used for water vapour diurnal 
cycle analysis as well. However, to date, they focused on 
regional networks rather than global applications. Analy-
ses of the relationship between variability on a diurnal time 
scale of GNSS-derived moisture and other meteorological 
state variables over parts of South America (Meza et al. 
2020; Serrano-Vincenti et al. 2022), Sumatra (Torri et al. 
2019), Spain (Ortiz et al. 2011) and Japan (Li et al. 2008) 
can be mentioned here. Nevertheless, a detailed, compre-
hensive analysis of the relationship between GNSS PWV 
and precipitation across the global tropics is still lacking.

This paper documents that properly processed GNSS 
observations can be used to better elucidate the coupling 
between moisture variability and precipitation on a diurnal 
time scale within the global tropics. In the next section, we 
describe GNSS measurements, as well as brightness tem-
perature, and precipitation data used in this study. Section 3 
contains the methodology of GNSS PWV estimation and 
the approach to diurnal variability determination. In Results 
(Sect. 4), we focused on metrics of the diurnal variations in 
various environments, their mean values across global trop-
ics, and divergent diurnal behaviour between GNSS PWV, 
cloud top height, and precipitation. We also take a closer 
look at diurnal cycle characteristics during different seasons. 
Finally, we present conclusions and discussions.

2 � Data

The study utilises multiple sources of remote sensing data, 
which provide information on the variability of the atmos-
pheric properties with temporal resolution sufficient for an 
analysis of the diurnal cycle. Properties of interest include 
vertically integrated water vapour, cloud top temperature and 
precipitation rate. The GNSS observations obtained from 
the International GNSS Service (IGS) network were used 
to estimate variability in atmospheric water vapour content. 
Precipitation estimates are based on the data from Tropical 
Rainfall Measurement Mission (TRMM) and Global Precipi-
tation Measurement (GPM) missions, while spatiotemporal 
variability in cloud top temperature was assessed based on 
the satellite-based merged infrared (IR) dataset.

2.1 � GNSS

The quality-assured data from the IGS were used to estimate 
the diurnal evolution of the atmospheric water vapour. The 
42 out of 500 permanent stations, which currently form the 
IGS network, were selected for this study. The selection was 
based on two criteria: the station’s location and the length 
of the available time series. Since this study focuses on the 
global tropics, only stations located between 30° N and 30° 
S were considered. Each station has to be operational for 
at least 16 years but has to start collecting information no 
earlier than 2001 (which is the beginning of the period for 
which more precise GNSS orbit parameters that affect GNSS 
processing are available). Such a period allows sufficient 
statistics for calculating the diurnal cycle in the atmospheric 
water vapour and its seasonal variability, and on the other 
hand, it does not significantly reduce the number of GNSS 
stations (as in the case of a more extended reference period). 

Fig. 1   Spatial distribution of the 
analysed GNSS stations (scale 
is logarithmic)
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The spatial distribution of the selected stations is provided 
in Fig. 1, while detailed information about their localisation 
time span and data completeness is given in Table 2 (in the 
Appendix).

GNSS stations utilised in this study span all continents 
and are diverse in their elevation and distance from the coast. 
This provides an opportunity to investigate differences in the 
evolution of atmospheric water vapour in various environ-
ments. Thus, an opportunity for an analysis of diurnal cou-
pling between moisture and precipitation goes beyond the 
regional domain (Li et al. 2008; Torri et al. 2019; Meza et al. 
2020; Serrano-Vincenti et al. 2022). Most coastal stations 
are located below 100 m above sea level (ASL), except for 
some stations in the archipelagos of Hawaii and La Reunion. 
In particular, stations located on small islands of the Indian 
and Pacific Oceans, away from continents and big islands, 
are located at low elevations. On the other hand, in-land 
stations are scattered across various heights. Over half of 
them are positioned above 500 m ASL, which will strongly 
affect integrated water vapour content estimate and com-
bined with local topography, influence its variability. Par-
ticular attention should be paid to the Hawaii archipelago, 
where 4 GNSS stations are located. Despite their proximity, 
they span over 3500 m in elevation range. Combined with 
complex topography, it will affect the estimated variability 
of the atmospheric water vapour.

Each station provides measurements of the time needed 
by a radio signal to travel to a ground receiver from all GNSS 
satellites in its field of view. The extra time required for the 
signal to propagate in the neutral atmosphere is expressed as 
the total path delay in the zenith direction above the receiver, 
known as the zenith total delay (ZTD). Each ZTD is con-
structed from all delays along a path between the ground 
receiver and all available GNSS satellites within a defined 
period. In this study, 30-s epochs were used, and calcula-
tions were performed with Bernese GNSS Software 5.2 
(Dach et al. 2015). To perform calculations for each of the 
42 ground stations independently, a precise point position-
ing (PPP) method was used. This method uses data from a 
single station to calculate ZTD at that location, thus reflect-
ing changeable troposphere influence on the GNSS signal 
propagation only within this particular receiver and observed 
by this receiver satellites [about a 100 km radius around the 
station (Vaquero-Martínez and Antón 2021)]. Therefore, it 
prevents error propagation between stations. All ground sta-
tion—GNSS satellite signals with elevation angles below 5° 
were excluded from the processing to reduce the multipath 
effect. The a priori troposphere, as well as tropospheric 
mapping functions (Herring 1992), were modelled using 
Vienna Mapping Functions 1 (VMF1) (Boehm et al. 2006). 
Precise ephemeris (orbits and clocks), which are of great 
importance for the PPP method’s solution accuracy, were 
sourced from the second Center for Orbit Determination in 

Europe (CODE) reprocessing (Steigenberger et al. 2016). 
Both individual and type mean GNSS antenna calibrations 
were adopted. This approach enabled to obtain ZTD time 
series at each location. Finally, the time series were averaged 
to represent 1-hourly temporal resolution. As a result, for 
each station, a time series was at least 16 years long, had a 
temporal resolution of 1 h and was constructed solely based 
on inputs from a given station (e.g. no data from neighbour 
stations were used). Each time series was used to estimate 
integrated water vapour amount in the form of precipitable 
water vapour.

2.2 � Precipitation

The Tropical Rainfall Measurement Mission gridded dataset 
(TRMM 3B42 v7) provides estimates of surface precipita-
tion rate since 1998 with relatively high spatial (~ 0.25°) 
and temporal (3-hourly) resolutions (Huffman et al. 2010). 
Although the TRMM mission concluded in 2015, the 
TRMM 3B42 v7 production continued using data Global 
Precipitation Measurement mission, which replaced TRMM 
measurements. Gridded data were interpolated to each loca-
tion of the 42 ground GNSS stations. Therefore, data repre-
senting 18 years between 01.2001 and 12.2018 (the maxi-
mum GNSS observations time span) with 3-hourly temporal 
resolution were used in this analysis. All precipitation data 
in this study come from the TRMM 3B42 v7 product (here-
after TRMM).

2.3 � Cloud top temperature

Global, merged infrared (IR) dataset (Janowiak et al. 2001) 
provides estimates of cloud top temperature (brightness tem-
perature—Tb) at 4 km spatial and 30-min temporal reso-
lution based on data from geostationary satellites fleet. A 
gridded, multi-satellite product (Level 3) was used to assess 
temporal variability in a cloud population, represented by 
the evolution of a cloud top temperature, at each of the 42 
ground GNSS stations. Similarly to the precipitation data, 
Tb data were interpolated to each location of the GNSS sta-
tions. Hence, at each point a Tb time series represents a 
local high frequency variability in cloud top temperatures. 
Therefore, Tb data characterize a diurnal evolution of a 
cloud field directly above each analysed location, which is 
comparable with the GNSS water vapour retrievals that are 
also expressed in the zenith direction. A cloud population in 
the tropics is dominated by convective clouds (Johnson et al. 
1999). Therefore, observed evolution in cloud top tempera-
tures on a diurnal time scale can be linked to cloud field vari-
ability, through an inferred relationship between the stage of 
atmospheric convection development and its vertical extent. 
Specifically, a development of a cloud field dominated by 
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convective clouds (e.g. from shallow to deep convection) 
will manifest itself in a decrease in cloud top temperatures, 
which can be measured with Tb data. It should be noted, that 
deep convective clouds in the tropics are often associated 
with upper-level clouds that can manifest with cold cloud 
tops resembling deep convective clouds. However, diurnal 
cycles of deep convective clouds and upper-level cloud types 
typically differ (Chepfer et al 2019). Therefore, a distinction 
based on their differentiated diurnal characteristics can be 
made between them. Deep convective clouds should show 
rapid changes in measured cloud top temperature and tend 
to occur in the afternoon, while larger-area anvil clouds 
show gradual changes in cloud top temperature and most 
frequently occur during evening and night (Chen and Houze 
1997). Thus, cloud top temperature in this study primarily 
refers to the strength of atmospheric convection, measured 
by the vertical extent of convective clouds, identified based 
on infrared brightness temperature. Tb data for the period 
01.2001–12.2018 (the GNSS collected observations time 
span) with 30 min temporal resolution were used in this 
analysis.

3 � Methodology

3.1 � Precipitable water vapour estimation based 
on GNSS data

A value of ZTD describes the total influence of the trop-
osphere on GNSS radio signal propagation. It consists 
of delays caused by the hydrostatic (zenith hydrostatic 
delay—ZHD) and wet (zenith wet delay—ZWD) compo-
nents. While ZHD depends on meteorological parameters 
such as pressure and temperature, the ZWD is related to 
water vapour content in the atmosphere. The ZTD, which 
is a direct product of GNSS observation processing, con-
sists of an a priori ZHD value and its correction. This cor-
rection is often equated with ZWD, but it consists of both 
ZWD and correction to the incorrectly modelled ZHD. 
Therefore, in GNSS meteorology, the ZHD is also esti-
mated a posteriori. This can be done through the Saasta-
moinen formula (Saastamoinen 1972) via meteorological 
parameters sourced from in situ measurements or mete-
orological reanalysis. In the next step, the ZHD is sub-
tracted from ZTD to estimate ZWD, which reflects only 
the impact of the wet part of the atmosphere. The depend-
ence of ZWD value on air humidity allows estimating 
the integrated property of the atmospheric water vapour 
content: an integrated water vapour (IWV), through the 
following formula (Bevis et al. 1992):

(1)IWV = Π(T
m
) × ZWD,

where Π(T
m
) is a dimensionless quantity that can be obtain 

from the water vapour weighted mean temperature (T
m
):

where R
v
 is the specific gas constant of water vapour and 

amounts to 461.5 [J/(kg K)], while K2 and K3 are the air 
refractivity parameters. In our study, the T

m
 value, was cal-

culated using proposed by Bevis et al. (1992) linear rela-
tionship to the surface temperature sourced from the ERA5 
( T

m
= 0.72 ⋅ T

s
+ 70.2) . Information about water vapour con-

tent in the troposphere provided by IWV (unit: kg∕m2 ) can 
also be expressed via PWV parameter, by adjusting IWV by 
water vapour density (unit: mm ). In this study, meteorologi-
cal parameters (surface temperature and pressure) for each 
of 42 ground GNSS stations were sourced from surface level 
of ERA5 reanalysis (Hersbach et al. 2020) using bilinear 
interpolation (Kirkland 2010), while values of air refractiv-
ity index were taken from Rüger (2002).

All derived hourly PWV data from all stations for the 
investigated period are available as a netCDF file (Nykiel 
et al. 2023) for cross-validation and further analyses.

3.2 � Diurnal cycle calculation

The diurnal cycle decomposition has been performed on all 
(PWV, precipitation, Tb) time series data at each location 
independently. We considered only the daily mean, diurnal 
and semi-diurnal harmonics which should reflect general 
changes during the day (Baranowski et al. 2019). First, the 
composite diurnal cycle has been calculated by averaging 
data over a specific period. Three such composites are used 
in this study: a monthly composite, a multi-year annual aver-
age and a multi-year seasonal average for each of the four 
seasons. For each of those composites, the averaged diurnal 
cycle has been calculated by averaging all available data at 
a given interval: hourly values for PWV, native 3-hourly 
values for precipitation and native 30-min values for Tb were 
used. Then, decomposition was performed by fitting the fol-
lowing function to composite such diurnal cycle data:

where, x(t) denote for the composite diurnal cycle (24 h) 
time series based observed data and AI

A
 , AO

A
 , AI

SA
 and AO

SA
 are 

coefficients for the sine and cosine conditions using least 
square estimation method.

(2)Π−1 = 10
−8(R

v
×
(

K3Tm + K2
�
)

)

(3)
x(t) = x0 + A

I

A
× sin(2�t) + A

O

A
× cos(2�t)

+ A
I

SA
× sin(4�t) + A

O

SA
× cos(4�t)
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4 � Results

The decomposition of the diurnal evolution of PWV, Tb 
and precipitation into the diurnal and semi-diurnal cycle is 
performed independently for each variable at all locations 
to investigate variability in a range of tropical climates. To 
show the performance of diurnal decomposition metrics 
and highlight key features associated with diurnal cycle in 
various environments, we begin with a detailed analysis of 
several sample stations based on a monthly averaged diurnal 
cycle, followed by mean diurnal cycle characteristics across 
all stations and seasonal variability of the diurnal decompo-
sition. It should be noted that all analysis presented here are 
based on composites and highlight a typical, average diurnal 
evolution of PWV, Tb and precipitation.

4.1 � Diurnal cycle metrics in various environments

An example of diurnal cycle decomposition on a subset of 
6 stations is presented in Fig. 2. Selected locations repre-
sent various tropical environments, such as small islands 
and landlocked stations, various elevations and diurnal 
characteristics of investigated properties. The composite 
diurnal cycle of PWV (blue), Tb (purple), and precipitation 
(green) has been calculated based on monthly averaged data 
for either March or September 2016. The month’s selec-
tion was arbitrary and presents an example of a ‘wet’ month 
at each location. This analysis shows the decomposition of 
diurnal evolution into diurnal and semi-diurnal modes and 
highlights differences in diurnal cycle properties between 
locations during an example of a wet month. It can be seen 
that decomposition (lines) follows the data (dots) and depicts 
the diurnal evolution of atmospheric humidity and Tb. The 
same is valid for precipitation (not shown). The range of the 
root mean square error for PWV decomposition is between 
0.32 mm (LAUT/MBAR) and 0.47 mm (BAKO), while for 
Tb decomposition is between 1.44 K (FALE) and 2.51 K 
(PIMO). Thus, decomposition of composite diurnal cycle 
data into 24-h and 12-h modes realistically represents diur-
nal variations and will be applied throughout the rest of the 
study.

Stations BRAZ (Brasilia, Brazil, 1106.0 m ASL) and 
MBAR (Mbarara City, Uganda, 1337.7 m ASL) (Fig. 2a, 
b) are considered in-land, continental stations as they were 
located away from any coast. They are also characterised 
by high elevations, which is reflected in the relatively low 
mean PWV values. Selected months represent example rainy 
periods (Salgado et al. 2019; BakamaNume 2010). Stations 
BAKO (Cibinong, Indonesia, Java, 157.2 m ASL) and PIMO 
(Quezon City, Philippines, Luzon, 95.5 m ASL) are located 
on big islands of the Maritime Continent (Fig. 2c, d), while 
FALE (Faleolo International Airport, Samoa, Upolu Island, 

47.6  m ASL) and LAUT (Lautoka, Fiji Island, 89.7  m 
ASL) stations are located on small islands (Fig. 2e, f) in the 
Pacific. All stations are in a tropical climate.

All stations show a clear variation of atmospheric water 
vapour content, cloud top temperature and precipitation at 
a diurnal time scale. However, differences between stations 
are apparent in the magnitude of a diurnal harmonic and the 
existence of a significant semi-diurnal cycle, exemplified 
by a second peak in a diurnal time series. Integrated water 
vapour contents show a single diurnal maximum at all pre-
sented stations. Diurnal variation in PWV is small (2–5 mm) 
in comparison to the daily mean value (30–60 mm), but a 
single maximum always occurs during the local afternoon 
(between 15 and 18 local time, LT), and a single minimum is 
observed between 3 and 9 LT. At BRAZ, MBAR and BAKO 
stations (that is continental and one of large islands’ stations) 
maximum PWV is observed during the enhanced precipita-
tion period, about 3 h after its peak value. At the PIMO sta-
tion, maximum PWV occurs during maximum precipitation, 
but its decay afterwards is slower than at any other station. 
Although the scatter of PWV observations during the local 
afternoon is large at PIMO compared to other locations, its 
diurnal evolution is robust. At small island stations, PWV 
maximum occurs in sync with precipitation maximum and 
cloud top temperature minimum (LAUT) or about 3 h before 
(FALE).

The diurnal evolution of precipitation shows significant 
rainfall during the local afternoon, with maximum occurring 
between 13 and 19 LT at all locations. The largest diur-
nal maximum precipitation rate, exceeding 32 mm/day, is 
observed in BAKO station, while the smallest, slightly above 
7 mm/day, is in FALE. A single mode distribution of pre-
cipitation characterizes continental stations (Fig. 2a, b) and 
large islands stations.

At PIMO station (Fig. 2d) precipitation shows a second-
ary afternoon maximum at 22 LT, which is associated with 
an downtick in cloud top temperatures (note that a Tb scale 
is inversed and see hourly averages, the feature is not picked 
up by the fitted diurnal cycle) and gradual decrease in PWV. 
Therefore, it appears to be related to secondary convection 
which can be driven by local dynamics such as shallow 
overturning breeze circulation (precipitation aligned with 
short-term decrease in Tb), as PIMO is a coastal station, 
and unrelated to local thermodynamic forcing as PWV is 
gradually decreasing.

Small islands’ stations (FALE and LAUT) show a sec-
ondary, early morning peak at around 6 am. However, this 
early morning maximum is lower than the afternoon peak. 
At both locations it is associated with a larger than usual 
variability in cloud top temperature averages (dots) which 
translates into a slight decrease in decomposed data (lines). 
Such diurnal precipitation evolution over small islands can 
be related to the early morning peak in convective activity 
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over surrounding oceans (Chen and Houze 1997; Dai 2001) 
driven by the interaction between radiative heating and 
clouds (Gray and Jacobson 1977). Therefore, unlike the 
afternoon precipitation maximum, it is not directly related to 
atmospheric moisture content, as exemplified by the diurnal 
PWV minimum at that time.

Cloud top temperature shows clear diurnal evolution 
as well. The minimum Tb (note that Tb axis in Fig. 2 is 
reversed) is observed during the local afternoon, a timing 

in agreement with integrated water vapour and precipita-
tion maxima. At most stations, the Tb minimum occurs in 
sync with PWV and about 3 h after precipitation maximum. 
Exceptions are PIMO station, where both Tb and PWV 
extrema occur before maximum precipitation and FALE 
station, where minimum cloud top temperature occurs in 
sync with maximum precipitation and 3 h after PWV maxi-
mum. Interestingly, all but PIMO stations show some semi-
diurnal variability in Tb, represented by a second minimum 

Fig. 2   Diurnal evolution of atmospheric properties averaged over 
a specific month. Shown are PWV (blue dots) and Tb of the clouds 
(purple dots) with fitted diurnal and semidiurnal decomposition curve 
(blue and purple line for PWV and Tb, respectively) and precipita-

tions (green bar), for BRAZ (a), MBAR (b), BAKO (c), PIMO (d), 
FALE (e) and LAUT (f) stations for a selected month in 2016. Note 
that scales differ between panels
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in a diurnal evolution. The most pronounced semi-diurnal 
extremum in cloud top temperature is observed at MBAR 
station with a minimum at 4 LT, during diurnal precipitation 
and PWV minima. Semi-diurnal Tb signal can be observed 
at FALE and LAUT stations, in phase with early morning 
maximum precipitation and near the minimum in diurnal 
PWV evolution. These early morning Tb variations show 
cloud top temperature higher than during the daily after-
noon minimum, indicating that nocturnal precipitation peak 
is associated with shallower cloud population in comparison 
with afternoon peak. At FALE station Tb points are scat-
tered during the morning minimum, indicating substantial 
variability in cloud populations. However, overall diurnal 
evolution is small compared to other stations (in agreement 
with small PWV evolution) and the lowest early morning 
value is 283.5 K, which is higher than the typical value of 
281.5 K during the daily minimum.

The above analysis of the six stations confirms that 
applied methods adequately represent the diurnal evolution 
of atmospheric properties, including diurnal and semi-diur-
nal evolutions. The primary feature at all stations is the daily 
maximum of integrated water vapour and precipitation, and 
minimum in cloud top temperature in the local afternoon. 
Furthermore, PWV shows clear mono–modal diurnal evo-
lution with one daily maximum in the afternoon and one 
daily minimum early in the morning. At continental and 
large island stations, precipitation evolution and cloud top 
temperature (except MBAR station) show similar diurnal 
evolution. On the other hand, small islands' stations show a 
secondary peak in precipitation associated with a secondary 
minimum in cloud top temperature. The latter occurs near 
the daily minimum of the integrated water vapour, which 
indicates that precipitation is due to either cloud-radiation 
interaction processes typical for adjacent open ocean or rela-
tively shallow clouds that can develop during sea-breeze-
induced convergence over coast (Kousky 1980). These 
features are robust. However, caution should be used when 
analysing small differences in diurnal phases between vari-
ables because of the temporal resolution of datasets used and 
scatter among data points due to averaging.

4.2 � The mean diurnal cycle across global tropics

Combined characteristics of diurnal evolution of atmos-
pheric properties are shown in Fig. 3 in the form of a dia-
gram, where the colour of a marker indicates the daily mean 
value, while the arrow shows an amplitude (length) and a 
phase (angle) of a leading mode (diurnal or semi-diurnal). 
The shape of markers indicates which mode has higher 
amplitude: circles are used when the diurnal amplitude is 
higher, while triangles are used when semi diurnal amplitude 
is larger. The mean diurnal cycle characteristics have been 
derived based on composite diurnal evolution, calculated at 

each station in the form of multi-year average diurnal cycle 
of precipitation, Tb and PWV.

The daily mean PWV ranges from 3.64 to 57.52 mm. 
Low values are generally associated with a high altitude 
of a station. Five of the smallest daily mean PWV values 
are found in mountainous environments of MKEA (Mauna 
Kea, Hawaii Island, 3754 m ASL), MAUI (Haleakala, Maui 
island, 3062 m ASL), AREQ (Peru, Arequipa, 2488 m ASL), 
REUN (Le Tampon, Reunion Island, 1558 m ASL) and 
KOKB (Waimea, Kauai Island, 1167 m ASL) stations, with 
mean values of 3.64 mm, 4.51 mm, 13.18 mm, 14.93 mm 
and 16.17 mm, respectively. In contrast, the highest val-
ues are found mostly on small islands and coastal areas 
of the Maritime Continent and Western Pacific. The daily 
averaged PWV exceeds 50 mm at stations such as PNGM 
(Lombrum, New Guinea—57.52  mm), NTUS (Singa-
pore—52.85 mm), TUVA (Tuvalu—52.36 mm) and PIMO 
(Philippines, Quezon City—50.53 mm), NKLG (Gabon, 
Libreville—52.8 mm). Amplitudes of diurnal PWV vari-
ations are small compared to daily mean values and range 
between 0.13 mm (GUAM) and 2.47 mm (BAKO, Indone-
sia, Cibinong). A semi-diurnal PWV amplitude exceeds the 
diurnal one at only one location (MKEA). However, that 
station shows the lowest daily mean and the lowest diur-
nal amplitude across all 42 stations. Thus, we conclude that 
PWV across tropics shows mono-modal distribution with a 
single diurnal maximum. 32 stations (> 70%) show an ampli-
tude of the diurnal mode higher than 0.5 mm with the maxi-
mum occurring during the local afternoon (3 pm–8 pm). 
Continental and large island stations show larger diurnal 
amplitude of PWV than small islands. Small islands in the 
south-west Pacific show large variability in the diurnal PWV 
amplitude, likely related to the variability within the South 
Pacific Convergence Zone (Matthews 2012). The difference 
between the magnitude of diurnal PWV variation between 
large and small islands indicates that a horizontal gradient 
from land’s interior towards the coast can be expected (Torri 
et al. 2019). However, the spatial distance between stations 
analysed here is insufficient to fully analyse this variability 
and potential coupling with breeze circulation.

An overall good agreement between daily mean values of 
PWV and precipitation has been found. As expected, high 
integrated atmospheric moisture values are associated with 
high precipitation rates (e.g. BAKO), and low PWV values 
correspond to small precipitation values (e.g. AREQ). How-
ever, on a subdiurnal time scale, larger differences arise. In 
contrast to primarily mono-modal diurnal PWV evolution, 
30% of stations are characterised by a semi-diurnal precipi-
tation amplitude exceeding a diurnal one. The diurnal ampli-
tude is high over continental and large island stations, where 
precipitation peaks in the local afternoon. The largest values 
of diurnal amplitude are found in South America, equatorial 
Africa and the Maritime Continent. An exception is KOUR 
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station in French Guiana with a peak of diurnal precipitation 
in the early morning (see Sect. 4.3). The semi-diurnal cycle 
is the primarily subdiurnal mode at small islands that show 
an overall small diurnal variation.

There are three stations (twin stations YARR and YAR2, 
and KARR) in western Australia, which show diurnal vari-
ability in PWV data, but no diurnal precipitation cycle. 
However, both stations are located in the semi-arid region, 
dominated by the subsiding branch of Walker circulation, 
where mean atmospheric water vapour content and precipi-
tation are low. The substantial diurnal variability in PWV 
in that region, likely driven by a land-sea breeze circulation, 
is not sufficient to destabilize the atmosphere and create an 
environment favourable for convection and precipitation 
development.

On average, the maximum diurnal precipitation occurs 
in phase with a diurnal maximum in PWV (Fig. 4a, note 
that phase difference is shown for station with substantial 
diurnal amplitude). Most stations show phase differences in 
the range of ± 2 h, which is smaller than the temporal resolu-
tion of precipitation data. An absolute mean phase difference 
between PWV and precipitation was 1h47m. One outlier 

from this range was observed. At KOUR (French Guiana) 
station peak precipitation occurred nearly 9 h before peak 
PWV. PWV and precipitation phase difference exceeding 
a typical range has also been found at KARR (Australia) 
and THTI (French Polynesia) stations. At these stations, 
maximum precipitation occurred 3–3.5 h after PWV peak. 
However, this difference still indicates that peak precipita-
tion and maximum integrated atmospheric moisture occur 
during local afternoon. Thus, diurnal PWV variations are 
related to afternoon precipitation maximum.

There are three primary features of diurnal cycle of cloud 
top temperature: the evolution is dominated by diurnal 
cycle, substantially larger diurnal variation over continental 
and large islands than small islands and shift in the phase 
towards later hours in comparison with diurnal peak in either 
PWV or precipitation. Minimum cloud top temperature con-
sistently follows PWV maximum by several hours (Fig. 4b). 
The mean difference was 5h8m. Relatively the smallest 
phase shift is observed in the Maritime Continent region, 
e.g. at NTUS station (Singapore) minimum cloud top tem-
perature occurs in phase with daily maximum PWV value. 
The largest lag of minimum cloud top temperature relative 

Fig. 3   Diurnal amplitude, phase 
and mean value of PWV (a), 
precipitation (b) and TB (c) 
estimated based on the all avail-
able time span. The length of 
the arrow represents amplitude 
value, direction of the arrow 
indicates phase expressed in 
local time (LT) and colour of 
the dot denotes mean value. 
Circles represent stations for 
which dominant amplitude 
was found for diurnal signal, 
triangles represent stations for 
which dominant amplitude was 
found for semidiurnal signal, 
while squares represent stations 
for which neither diurnal nor 
a semidiurnal amplitude was 
significant

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


	 Z. Baldysz et al.

1 3

to maximum PWV has been observed at YAR2, YARR and 
KOKB stations and amounted to 9h32min, 9h26min and 
8h55min, respectively.

This analysis shows that across global tropics a typical 
afternoon peak in precipitation is associated with diurnal 
minimum in cloud top temperature driven by increased trop-
ospheric moisture content. This is consistent with coupling 
between radiation and turbulent fluxes on diurnal time scale, 
that trigger convection in conditionally unstable environ-
ment. In such case, increase in water vapour, through evapo-
ration and/or moisture convergence, and vertical transport, 
leads to unstable environment, convective clouds develop-
ment and precipitation. Maximum PWV at some locations is 
observed after peak precipitation, likely due to evaporative 
cold pools associated with precipitation. On small islands 
secondary peak in precipitation occurs during diurnal mini-
mum of PWV, which indicates that interaction between 
clouds and radiation over surrounding oceans, or local sea-
breeze convergence are primary forcing mechanism.

4.3 � Divergent diurnal behaviour 
between integrated moisture, cloud top 
temperature and precipitation

Most of stations across global tropics show consistent 
diurnal evolution of PWV, cloud top temperature and pre-
cipitation. A mono-modal diurnal cycle has been found to 
dominate diurnal evolution of atmospheric moisture at all 
stations. However, a number of locations exhibit significant 
semi-diurnal variability in precipitation and cloud top tem-
perature. Here, an analysis of stations, that show no distinct 
diurnal variability, or show two noticeable extrema in pre-
cipitation or cloud top temperature, is provided.

Figure 5 shows diurnal evolution of PWV, precipitation 
and cloud top temperature at four locations characterized by 
differentiated diurnal evolution between those properties. 
All stations show relatively high daily mean PWV values 
exceeding 40 mm. REUN, NTUS and KOUR stations show 
a single peak in PWV during local afternoon, while COCO 
station shows virtually no distinct diurnal evolution in either 
integrated atmospheric moisture, precipitation or cloud top 
temperature. At the same time, REUN, NTUS and KOUR 
are characterized by rather clear diurnal evolution in cloud 
top temperature, for which a two minima occur through-
out a day. The primary daily minimum Tb occurs during 
local afternoon (15–18 LT), while the second minimum is 
observed during early morning (3–5 LT). The nocturnal 
minimum is associated with higher Tb than during the pri-
mary one during the afternoon. It indicates that clouds’ ver-
tical extent is larger during the local afternoon than during 
night-time (e.g., deep convective thunderstorms vs congestus 
clouds). Precipitation also shows variability throughout a 
day across all stations. However, the magnitude of diurnal 
variability varies between 1 mm/day (Cocos Islands, Fig. 5a) 
and 15 mm/day (Singapore, Fig. 5c). All stations exhibit 
both diurnal and semi-diurnal modes, as manifested as two 
peaks in diurnal evolution (La Reunion, Singapore), a broad 
diurnal peak with two local maxima (French Guiana) or a 
modification to the 24-h cycle through an uptick in diurnal 
time series (Cocos Islands). Although there is a consistency 
between precipitation and cloud top temperature in the over-
all shape of diurnal evolution, the relative magnitudes of the 
two diurnal extrema as well as their phase differ between 
locations. At La Reunion, precipitation and cloud top tem-
perature both show two extrema of comparable magnitude. 
The nocturnal extremum appears nearly in sync with PWV 

Fig. 4   Differences in diur-
nal phase expressed in hours 
between Precipitable Water 
Vapour (PWV) and precipita-
tion (a) and PWV and bright-
ness temperature (TB; b) data. 
To ensure the reliability and 
minimize random sampling, the 
analysis was only performed at 
stations for which PWV lead-
ing amplitude was equal to or 
higher than 0.5 mm
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daily minimum, while the afternoon precipitation peak 
occurs during the daily maximum PWV and is followed by 
the daily minimum Tb. At Cocos Island, which is a small 
island as well, precipitation maxima occur in sync with Tb 
minima, while PWV remains at a nearly constant level. 
However, the night-time precipitation maximum is larger 
than the afternoon one, while cloud tops are colder during 
the afternoon peak in comparison with the nocturnal one. 
Thus, the nocturnal cloud population is shallower and pro-
duces more precipitation than deep convective clouds, which 
tend to occur during afternoon. Cocos Island is a small tropi-
cal island, and it is possible that precipitation associated 
with deep convective clouds occurs over water rather than 
over the atoll itself. Furthermore, observed variability in 
cloud top temperature and precipitation cannot be explained 
by modulation in moisture content within the atmospheric 
column. At Singapore location (Fig. 5c) the cloud top tem-
perature and precipitation variability are well correlated. 
The maximum precipitation occurs during afternoon and is 
associated with daily lowest Tb value. The secondary peak 
in precipitation is nocturnal with magnitude of about 30% of 
the primarily afternoon peak. Associated Tb modulation is 
similarly smaller at that time. Therefore, deeper convective 
clouds are associated with strong afternoon precipitation, 
while shallower convective clouds are responsible for the 
secondary peak. The former occurs during daily maximum 

PWV, while the latter is associated with daily minimum inte-
grated atmospheric moisture. Over French Guiana (KOUR, 
Fig. 5b) precipitation is shifted towards the first half of a day. 
Maximum precipitation is observed around 3am, while the 
second, marginally smaller peak occurs around noon. The 
latter one is associated with the diurnal maximum in PWV. 
Cloud top temperature also shows bi-modal distribution, 
with one minimum during the early morning maximum in 
precipitation and the second in the afternoon (around 6 pm), 
which coincides with diurnal minimum in precipitation. The 
night-time precipitation maximum during diurnal minimum 
of atmospheric moisture content is consistent with dynami-
cal forcing of convective clouds, likely due to convergence 
between northeasterly onshore flow and local sea-breeze 
circulation (Kousky 1980 MWR). Furthermore, morning 
to noon development of precipitation along the coastline is 
typical for diurnal in-land progression of convective cloud 
systems in the Amazon region, especially during boreal win-
ter (Gerraud and Wallace 1997).

4.4 � Insight into seasons

Previously presented results were based on analysis of 
the composite multi-year annual-mean diurnal cycle of 
humidity, precipitation and cloud top temperature, which 
by default removes any seasonal variations. To investigate 

Fig. 5   Diurnal variations of PWV, Precipitation and IR data calculated for COCO (a), KOUR (b), NTUS (c), and REUN (d) stations based on 
entire time span
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differences in the diurnal cycle of PWV in the context of 
seasons, for each of the stations we estimated the diurnal 
amplitude, phase and mean value with division into four 
seasons: December, January, February (DJF); March, April, 
May (MAM); June, July, August (JJA) and September, Octo-
ber, November (SON). Since general differences between 
PWV, Precipitation and TB data were already highlighted, 
here we focused exclusively on PWV to verify its response 
to the various weather patterns on a seasonal scale. Figure 7 
presents obtained results. It is shown that stations located 
on the smallest islands generally exhibit a lack of significant 
diurnal cycle, regardless of the season. However, minor vari-
ations between DJF, MAM, JJA and SON were still found. 
In each case, the amplitude did not exceed 0.4 mm. This is 
summarized in Table 1, which provides detailed information 
for the stations with the smallest diurnal amplitude (below 
0.4 mm) in all seasons. In this case two Hawaiian stations 
(MKEA and MAUI) are excluded as low values there are 
primarily due to high altitudes (above 3000 m ASL). A 
strong correlation between the ratio of daily and subdaily 
amplitude to mean PWV and the size of the land on which 
station is located is shown on the Fig. 6. Since the seasonal 
PWV variations for these stations are small, we present 
the relationship between the ratio of the daily and subdaily 
amplitude to the mean PWV value based on all available 
time span. Stations for which this ratio is below 1% for daily 
and 0.5% for subdaily signal (red square) are ASPA, COCO, 
CRO1, DGAR, GUAM, HNLC, PNGM, TONG and TUVA, 
all located on small islands at low altitudes (all pointed in 
Table 1, with the exception of PNGM station, but in this par-
ticular case the station is located at the peninsula of Manus 
Island—Lombrum province in Papua New Guinea). Such 
small islands without variated orography are exhibited to 
the oceanic weather patterns and therefore results obtained 
present typical oceanic weather conditions.

Although stations presented in Table 1 were in a very 
good agreement regarding small diurnal amplitude, they 

slightly varied in mean, seasonal PWV (Fig. 7, note that in 
the case of this figure, we present values of all amplitudes, 
including those smaller than 0.5 mm). Stations located in 
the northern hemisphere (GUAM, HNLC, CRO1) were 
characterised by higher PWV values during the JJA and 
SON, while stations located in the southern hemisphere 
(ASPA, TUVA, TONG, CKIS, DGAR, COCO) reached 
higher values during the DJF and MAM. This is a general 
feature that is not limited to small islands. In fact, seasonal 
changes in PWV characterise tropical and sub-tropical cli-
mates globally. For some stations, this variation directly 
reflects changes in the specific position of the Inter Tropi-
cal Convergence Zone (ITCZ), associated with elevated 
values of humidity and convective activity. In some areas, 
the differences are mainly caused by the Southeast Asian 
monsoon, which in JJA carries moisture towards Northern 
Hemisphere and in DJF towards Southern Hemisphere. 

Table 1   Diurnal PWV amplitude at stations located on islands smaller than 550 km2

Site Location Area (m2) Station height 
(m ASL)

Season

DJF (mm) MAM (mm) JJA (mm) SON (mm)

ASPA American Samoa 199 21.1 0.21 0.15 0.13 0.28
TUVA Tuvalu 26 3.6 0.28 0.28 0.03 0.23
GUAM Guam 544 146.4 0.10 0.09 0.23 0.19
TONG Tonga (Tongatapu island) 257 3.7 0.37 0.31 0.18 0.29
CKIS Cook Islands 236 5.7 0.29 0.19 0.25 0.27
DGAR​ Diego Garcia 30 9.1 0.35 0.22 0.11 0.15
COCO Coco Islands 24 3.4 0.29 0.23 0.17 0.28
CRO1 Vergin Islands 214 12.2 0.33 0.15 0.14 0.13
HNLC Hawaii (Honolulu) 177.2 6.3 0.25 0.28 0.17 0.20

Fig. 6   Scatter of the ratio of daily PWV and subdaily PWV amplitude 
to the mean PWV value for each of analysed stations. The red square 
includes all stations from the Table 1
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In fact, mean PWV in India obtained in JJA were three 
times (HYDE) or twice (IISC) as high as in DJF, while it 
was opposite in north Australian station located in Dar-
win (DARW). Interesting differences were also captured in 
northern Taiwan (TWTF, TNML, TCMS). Although this 
part of the island is characterized by rather high humidity 
throughout the whole year, there is a jump both in mean 
PWV and diurnal amplitude during boreal summer (JJA) 
compared to boreal winter (DJF). East Asian summer mon-
soon changes the large-scale flow regime over the area, 
which results in different weather systems affecting Taiwan 
and seasonal variations in PWV. During the summer mon-
soon season (May–September), deep cumulus convection 
frequently occurs over the region and quickly develops into 
organized convective storms. During midsummer, more 
than half of the rainfall is produced by diurnal convection 
along the western mountain slopes of the island (Wang 
and Chen 2008), which explains the jump in the diurnal 
amplitude of GPS-derived PWV.

5 � Discussion and conclusion

In this paper, we analysed the coupling between moisture, 
clouds and precipitation in the tropical atmosphere based on 
long-term satellite records and coherent decomposition of 
time series data for 42 stations across global tropics. Due to 
a relationship between water vapour variability, convective 
process and precipitation (Neelin et al. 2009), PWV derived 
from the global navigation satellite system, rainfall estimates 
from TRMM (3B42 v 7 product), and cloud top tempera-
ture based on global merged infrared datasets were used to 
identify relations between the development of clouds and 
precipitation, and moisture variability across global tropics 
on a diurnal time scale.

Diurnal changes of integrated atmospheric moisture in the 
tropics are significantly smaller than the mean water vapour 
content in the atmosphere and rarely exceed 10%, which is 
consistent with other studies (Tian et al. 2004). However, it 
should be noted that in a favourable, conditionally unstable 

Fig. 7   Diurnal amplitude, phase 
and mean PWV for DJF, MAM, 
JJA and SON and each of ana-
lysed station
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atmosphere, even small changes to the stratification can lead 
to convection (Li and Carbone 2012). The daily mean values 
are primarily determined by station height and location in 
terms of the distance to the coast.

Similar results but oriented on the Sumatra region and 
much shorter data records, were shown by Torri et  al. 
(2019). The PWV variability is characterized by mono-
modal distribution with a single diurnal maximum during 
local afternoon, which is consistent with moistening through 
evaporation and convergence driven by solar radiation over 
land (Meza et al. 2020). Distinct diurnal evolution of the 
GNSS integrated moisture is also typical for the continental/
large island areas. In contrast, small islands are character-
ized by relatively small changes in water vapour content on a 
subdiurnal time scale. The ratio of their amplitudes to mean 
values is 1.0% and 0.5% for daily and sub-daily amplitudes, 
respectively. This shows that GNSS-delivered diurnal vari-
ability of PWV is in line with other studies describing tropi-
cal diurnal cycle over land and ocean (Gray and Jacobson 
1977; Yang and Slingo 2001; Nesbitt and Zipser 2003; Torri 
et al. 2019; Chepfer et al. 2019).

The afternoon maximum of the integrated atmospheric 
moisture is consistent with the occurrence of the precipita-
tion maximum and cloud top temperature minimum at a 
majority of analysed locations. Also, afternoon decrease 
in cloud top temperature and development of convective 
precipitation tend to occur in response to diurnal increase 
in tropospheric moisture, especially on continental and 
large-islands stations. This confirms that afternoon pre-
cipitation is driven locally in a response to diurnal solar 
heating. However, favourable large-scale conditions are 
required for diurnal development of convection and pre-
cipitation. Over locations with strong subsidence (e.g., 
YARR, KARR) even substantial diurnal amplitude in 
tropospheric moisture content is not sufficient to desta-
bilize atmosphere and initiate convection. A good proxy 
for mean large-scale conditions is given by the daily mean 
PWV—low values at stations located near sea level indi-
cate overall dry, subsidence conditions with low chance 
for convection development on daily basis. Exceptions to 
this mechanism were only found at stations located on 
small islands [e.g., COCO (Cocos Island)], where sig-
nificant diurnal variations in precipitation were observed, 
while PWV subdiurnal variability was only marginal. It is 
likely that over small islands local convergence driven by a 
boundary layer friction is more important than local mois-
ture convergence. It should also be emphasized that beside 
the afternoon precipitation peak, several stations located 
on small islands were characterized by a second peak that 
appears during at night or during early morning hours, 
which is common in the oceanic climate regime (Chen and 
Houze 1997). This secondary precipitation peak occurred 

during diurnal minimum of tropospheric moisture content 
variability, which showed a clear monomodal distribution 
at all stations. It was associated with decreased cloud top 
temperature and likely driven by advection of precipitating 
cloud systems from surrounding oceans.

The mono-modal diurnal distribution of the integrated 
moisture does not change with the seasons. Diurnal maxi-
mum occurs during local afternoon at all stations (except 
one located at 3000 m ASL). However, the average PWV 
values and its diurnal amplitude clearly reflect seasonal-
ity. Significantly higher PWV values characterize stations 
located in the northern (southern) hemisphere during JJA 
(DJF) compared to DJF (JJA). For some stations, the sea-
sonal difference in the diurnal amplitude reflects changes in 
large-scale flow related to, e.g., Southeast Asian monsoon.

This study confirmed the usefulness of the GNSS tech-
nique for integrated atmospheric moisture variability studies 
and its applicability to an analysis of high temporal reso-
lution variability across the global tropics. The length of 
time-series and temporal resolution of the dataset allowed a 
decomposition of integrated water vaport data into diurnal 
and semi-diurnal components, using the same approache 
as typically applied to precipitation and Tb datasets, and 
assessment of typical diurnal variability of the three different 
thermodynamical parameters, for various climate regimes 
and seasons.

Our paper highlighted high consistency between GNSS-
derived PWV, TRMM precipitation, and IR cloud top tem-
perature. GNSS can be successfully used in deep convection 
or heavy weather monitoring, both in near real-time and 
climatological applications. Apart from the fact that GNSS 
is a cost-effective and stuff-free technique for PWV acqui-
sition, its remarkable potential lies in the high temporal 
resolution of collected data. In the case of this study, a 1-h 
time resolution of GNSS PWV data was used. However, 
GNSS offers much higher frequency, and already collected 
data allowed for more than 20-year time series analysis. 
Additionally, the number of GNSS permanent networks and 
stations is constantly growing. As an example, International 
GNSS Service currently consists of more than 500 globally 
distributed stations that collect data constantly. There are 
also number of regional networks such as Sumatran GPS 
Array (SuGAr) or NOAA CORS Network (NCN) that also 
provide GNSS observations thus enabling for analysis of 
spatio-temporal integrated moisture variability from sub-
daily to interannual time scales.

Appendix

See Table 2 here.
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Table 2   Name, location, and coordinates of IGS stations used in the study

Site Location Longitude [°] Latitude [°] Altitude [m] Time-span Data com-
pleteness 
(%)

AREQ Arequipa, Peru − 71.49 − 16.47 2449.1 01.2001–12.2018 91.6
ASPA Pago Pago, United States − 170.72 − 14.33 21.1 08.2001–12.2018 91.1
BAKO Cibinong, Indonesia 106.85 − 6.49 139.8 01.2001–12.2018 91.4
BOGT Bogota, Colombia − 74.08 4.64 2553.9 05.2002–12.2018 95.0
BRAZ Brasilia, Brazil − 47.88 − 15.95 1118.6 01.2001–12.2018 93.9
CHPI Cachoeira Paulista, Brazil − 44.99 − 22.69 620.8 05.2003–12.2018 88.9
COCO Cocos (Keeling) Island, Australia 96.83 − 12.19 3.4 01.2001–12.2018 96.9
CRO1 Christiansted, Virgin Islands, United States − 64.58 17.76 12.2 01.2001–12.2018 94.3
DARW​ Darwin, Australia 131.13 − 12.84 74.7 04.2001–12.2018 94.2
DGAR​ Diego Garcia Island, United Kingdom 72.37 − 7.27 9.1 01.2001–12.2018 79.2
FALE Faleolo, Samoa − 172.00 − 13.83 9.7 01.2001–12.2017 76.2
GUAM Dededo, Guam 144.87 13.59 146.4 01.2001–12.2018 96.1
GUAT​ Guatemala City, Guatemala − 90.52 14.59 1517.3 01.2001–12.2018 89.8
HARB Pretoria, South Africa 27.71 − 25.89 1532.8 01.2001–12.2018 94.3
HNLC Honolulu, United States − 157.86 21.30 6.3 01.2001–12.2018 92.1
HRAO Krugersdorp, South Africa 27.69 − 25.89 1388.9 01.2001–12.2018 95.0
HYDE Hyderabad, India 78.55 17.42 441.7 10.2002–12.2018 86.4
IISC Bangalore, India 77.6 13.0 843.7 01.2001–12.2018 87.3
KARR​ Karratha, Australia 117.10 − 20.98 116.7 01.2001–12.2018 94.2
KOKB Kokee Park, Waimea, United States − 159.66 22.13 1150.5 01.2001–12.2018 96.4
KOUC Koumac, New Caledonia 164.29 − 20.56 23.7 01.2001–12.2018 88.1
KOUR Kourou, French Guiana − 52.81 5.25 8.7 01.2001–12.2018 90.0
LAUT​ Lautoka, Fiji 177.45 − 17.61 31.7 12.2001–12.2018 88.8
MANA Managua, Nicaragua − 86.25 12.15 66.4 01.2001–12.2018 88.9
MAUI Haleakala, Maui, United States − 156.26 20.71 3044.1 01.2001–12.2018 92.1
MBAR Mbarara, Uganda 30.74 − 0.60 1349.6 07.2001–12.2018 67.7
MKEA Mauna Kea, United States − 155.46 19.80 3728.4 01.2001–12.2018 95.8
NKLG Libreville, Gabon 9.67 0.35 21.5 01.2001–12.2018 93.2
NTUS Singapore, Singapore 103.68 1.35 71.6 02.2001–12.2018 76.2
PIMO Quezon City, Philippines 121.08 14.64 51.4 04.2001–12.2018 88.9
PNGM Lombrum, Papua New Guinea 147.37 − 2.04 38.7 05.2002–12.2018 85.7
REUN Le Tampon, France 55.57 − 21.21 1552.2 01.2001–12.2018 87.2
TCMS Hsinchu, Taiwan 120.99 24.80 58.4 08.2002–12.2018 81.6
THTI Papeete, French Polynesia − 149.61 − 17.58 90.8 01.2001–12.2018 95.5
TNML Hsinchu, Taiwan 120.99 24.80 57.0 06.2002–12.2018 76.9
TONG Nuku'alofa, Tonga − 175.18 − 21.14 3.7 02.2002–12.2018 83.4
TOW2 Cape Ferguson, Australia 147.06 − 19.27 30.3 01.2001–12.2018 97.0
TUVA Funafuti, Tuvalu 179.20 − 8.53 3.6 05.2002–12.2018 80.8
TWTF Taoyuan, Taiwan 121.16 24.95 184.1 11.2001–12.2018 93.4
UNSA Salta, Argentina − 65.41 − 24.73 1224.4 01.2001–12.2018 88.1
YAR2 Yarragadee, Australia 115.35 − 29.05 267.0 01.2001–12.2018 96.5
YARR​ Yarragadee, Australia 115.35 − 29.05 267.1 02.2001–12.2018 78.1
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