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Abstract Global precipitation data sets with high spatial

and temporal resolution are needed for many applications,

but they were unavailable before the recent creation of

several such satellite products. Here, we evaluate four

different satellite data sets of hourly or 3-hourly precipi-

tation (namely CMORPH, PERSIANN, TRMM 3B42 and

a microwave-only product referred to as MI) by comparing

the spatial patterns in seasonal mean precipitation amount,

daily precipitation frequency and intensity, and the diurnal

and semidiurnal cycles among them and with surface

synoptic weather reports. We found that these high-reso-

lution products show spatial patterns in seasonal mean

precipitation amount comparable to other monthly products

for the low- and mid-latitudes, and the mean daily pre-

cipitation frequency and intensity maps are similar among

these pure satellite-based precipitation data sets and con-

sistent with the frequency derived using weather reports

over land. The satellite data show that spatial variations in

mean precipitation amount come largely from precipitation

frequency rather than intensity, and that the use of satellite

infrared (IR) observations to improve sampling does not

change the mean frequency, intensity and the diurnal cycle

significantly. Consistent with previous studies, the satellite

data show that sub-daily variations in precipitation are

dominated by the 24-h cycle, which has an afternoon–

evening maximum and mean-to-peak amplitude of 30–

100% of the daily mean in precipitation amount over most

land areas during summer. Over most oceans, the 24-h

harmonic has a peak from midnight to early morning with

an amplitude of 10–30% during both winter and summer.

These diurnal results are broadly consistent with those

based on the weather reports, although the time of maxi-

mum in the satellite precipitation is a few hours later

(especially for TRMM and PERSIANN) than that in the

surface observations over most land and ocean, and it is

closer to the phase of showery precipitation from the

weather reports. The TRMM and PERSIANN precipitation

shows a spatially coherent time of maximum around 0300–

0600 local solar time (LST) for a weak (amplitude <20%)

semi-diurnal (12-h) cycle over most mid- to high-latitudes,

comparable to 0400–0600 LST in the surface data. The

satellite data also confirm the notion that the diurnal cycle

of precipitation amount comes mostly from its frequency

rather than its intensity over most low and mid-latitudes,

with the intensity has only about half of the strength of the

diurnal cycle in the frequency and amount. The results

suggest that these relatively new precipitation products can

be useful for many applications.

1 Introduction

Precipitation is one of the most important climate and

meteorological variables. However, in situ observations of

precipitation have been sparse over many land areas and
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largely unavailable over the vast oceans (Dai et al. 1997;

Dai 2001a; New et al. 2001). During recent decades, sa-

tellite microwave and infrared (IR) remote-sensing data

have been used to derive monthly or daily precipitation over

the oceans and more recently also over the land (e.g., Xie

and Arkin 1997; Huffman et al. 2001; Adler et al. 2003).

During the last 5–10 years, techniques have been developed

to produce near real-time hourly or 3-hourly precipitation at

0.25� or better resolution for the entire Tropics and middle

latitudes (approximately 60�S–60�N) (e.g., Hsu et al. 1997;

Sorooshian et al. 2000; Joyce et al. 2004; Huffman et al.

2007). Because of their high temporal and spatial resolution

and being near real-time, these products can be very useful

in weather, climate, hydrology, and other research and

applications after quantitative evaluations. Analyses by the

groups who created the products (e.g., Sorooshian et al.

2000; Joyce et al. 2004; Huffman et al. 2007) revealed that

the errors for individual small grid boxes can be large but it

decreases rapidly with spatial and temporal averaging.

One of the applications of these high-resolution satellite

precipitation products is to help study the diurnal cycle of

precipitation. Although it has been well documented over

the continental United States (e.g., Wallace 1975; Dai et al.

1999), where hourly rain-gauge data are available (Higgins

et al. 1996), the diurnal cycle of precipitation is less

quantified over many other parts of the world, especially

over the open oceans because of a lack of high-resolution

rainfall data [except several analyses of hourly rain-gauge

data over a few small regions and some Pacific islands (see

Dai 2001b for references)]. By compiling 3-hourly weather

reports from stations and ships from 1975 to 1997, Dai

(2001b) produced the only global result of diurnal cycle of

precipitation frequency from in situ observations. Satellite

observations have been analyzed to document the diurnal

cycle of precipitation, mostly over the low latitudes (e.g.,

Janowiak et al. 1994; Chang et al. 1995; Sorooshian et al.

2002; Nesbitt and Zipser 2003; Bowman et al. 2005; Hong

et al. 2005; Yang and Smith 2006). These satellite-based

studies have improved our knowledge about the diurnal

cycle of precipitation, especially over tropical oceans.

However, there are indications that remotely-sensed pre-

cipitation (i.e., from ground-based radars and satellites)

may have slightly different diurnal phase than that based on

rain-gauge data (Liang et al. 2004; Dai 2006). Given that

radars and satellite-borne radiometers directly measure

precipitation-process-related reflectivity or radiance, not

surface precipitation, it is not surprising to see differences

in the diurnal phase and amplitude revealed by surface and

satellite observations. As satellite data have been increa-

singly used to study the sub-daily variations in precipita-

tion and atmospheric convection (Lin et al. 2000; Yang and

Slingo 2001), it becomes important to compare and quan-

tify the differences in the diurnal cycle of precipitation

shown by surface and satellite observations and among the

different satellite products. Although limited surface

observations have been used in some of the analyses of

satellite data (e.g., Janowiak et al. 1994; Bowman et al.

2005; Pinker et al. 2006), a comprehensive comparison has

been unavailable and is one of the main goals of this study.

The previous analyses of surface and satellite precipi-

tation data have shown coherent diurnal variations in

tropical and mid-latitude precipitation, with larger relative

amplitudes over land areas (up to 100% of the daily mean)

during warm seasons than over oceans. In general, warm-

season precipitation over land areas is more frequent dur-

ing the afternoon [1400–1800 local solar time (LST)],

whereas the maximum rainfall is from midnight to early

morning (2200–0600 LST) over the oceans and small is-

lands (e.g., Dai 2001b; Bowman et al. 2005; Yang and

Smith 2006). Many of the oceans and their adjacent con-

tinents have an out-of-phase diurnal cycle in precipitation

and surface wind fields (Dai and Deser 1999; Dai 2001b).

There are, however, exceptions to this general pattern. For

example, summer precipitation is most frequent from

middle night to early morning in the central US (Wallace

1975; Dai et al. 1999), southeast China, and a few other

regions (Dai 2001b). These nocturnal maxima are often

associated with a nocturnal environment with little inhi-

bition to convective onset (Trier and Parsons 1993) and

downwind propagation of convective systems in the lee of

mountains (Carbone et al. 2002; Okumura et al. 2003;

Wang et al. 2004; Fujinami et al. 2005), whereas afternoon

convection is suppressed by large-scale subsidence over the

central US (Dai et al. 1999). During cold seasons, precip-

itation has a much weaker diurnal cycle than in summer,

with a morning maximum in winter over most land areas

that is at least partially enhanced by the morning maximum

in lower tropospheric relative humidity (Dai et al. 1999;

Dai 2001b), as higher relative humidity increases formation

of condensates. Hourly rain-gauge data from the US (Dai

et al. 1999) and Japan and Malaysia (Oki and Musiake

1994) show that precipitation diurnal cycle comes mostly

from precipitation frequency rather than intensity, which

has a much weaker diurnal cycle than frequency. Although

a single large peak is a dominant feature in most station

rain-gauge records, there is a secondary peak or a weak

semidiurnal (12 h) cycle of rainfall at many tropical (peak

around 0300 LST) and mid-latitude (peak around 0600

LST) stations (Hamilton 1981; Oki and Musiake 1994).

Here we make use of our knowledge about the diurnal

cycle of precipitation to evaluate the existing high-resolu-

tion precipitation products derived from multi-satellite

observations. We compare the diurnal phase and amplitude

revealed by various satellite products and also with those

from surface observations. Some of the satellite products

use IR observations from geostationary satellites to im-
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prove temporal sampling, which is only 1–2 times per day

for microwave sensors on-board a single polar orbiting

satellite. Since the IR sensors measure radiance from cloud

tops rather than hydrometeors within clouds (i.e., ice par-

ticles, and cloud and rain droplets that are more directly

related to precipitation), whose radiance is measured by

microwave sensors, it is unclear whether the inclusion of

the IR data has any effects on the representation of the

diurnal cycle and other precipitation characteristics (e.g.,

frequency and intensity) by the derived products. We

investigate this effect by comparing products with and

without IR observations. After the comparison and evalu-

ation, we also apply the satellite data to further quantify the

diurnal variations in tropical and mid-latitude precipitation,

especially over regions (e.g., oceans) where surface

observations are sparse. For example, the satellite data can

help us verify whether it is true over most of the globe that

precipitation diurnal cycle comes mostly from its variations

in frequency rather than intensity, as seen over the U.S. Our

analyses provide further evaluation of the high-resolution

data sets and new results on the diurnal cycle of precipi-

tation over the low- and mid-latitudes. This paper focuses

on the global and large-scale features; detailed regional

analyses will be done in a separate study.

2 Data and analysis method

The satellite and surface data sets used for this study are

summarized in Table 1 with references and web links.

They include four merged or blended precipitation data sets

derived from multi-satellite observations using motion

vectors in infrared images (CMORPH), neural networks

(PERSIANN), IR estimates calibrated by microwave esti-

mates from TRMM and other satellites (TRMM 3B42), and

a microwave-only products created by simply merging

estimates from five satellites (MI). Furthermore, the

CMORPH data set also contains a microwave-only version

(CMORPHmi) that is included in this study. The CMORPH

data set was used by Xie et al. (2005) to study the diurnal

cycle in the North American Monsoon. Although MI and

CMORPHmi are both microwave-only products, they dif-

fer in the satellite sensors included (Table 1) and algo-

rithms used to estimate rainfall: MI used the Goddard

Profiling (GPROF) version 6 algorithm for all the satellites,

while CMORPHmi used different algorithms for different

satellite sensors (Joyce et al. 2004). For surface in situ

observations, we used the long-term (1976–1997) mean

3-hourly data of precipitation occurrence frequency

derived from weather reports by Dai (2001b). For the U.S.,

there are hourly rain-gauge data available. We will present

detailed comparisons with this and other regional data sets

in a separate study.

These satellite products cover only the last several

years, with better sampling by microwave sensors since

late 2001. Tests with the U.S. rain-gauge data showed that

a stable diurnal cycle may be obtained with just several

years of data. In order to derive a robust mean diurnal cycle

with sufficient sampling and in the meantime have com-

parable data periods, we averaged the data (stratified by

each observation hour and each season) over 2003–2005

for CMORPH, 2002–2005 for PERSIANN (similar results

for 2003–2005), 1998–2005 for TRMM 3B42, and 1998–

2005 for MI. For precipitation amount, frequency and

intensity comparison, which are more sensitive to data

periods, we used a common period of 2003–2005. For

global and large-scale analyses in this study, the 0.25�
gridded data were simply averaged to a 2� grid on which

the surface data were derived (MI data were kept on their

original 2.5� grid), so that the various data sets are more

comparable in terms of spatial averaging. This is especially

important for frequency and intensity comparisons (for

which the MI is not included) because these two variables

are very sensitive to spatial and temporal averaging. The

multi-year averaged, composite hourly or 3-hourly data at

each grid box for each season were then used to estimate

the amplitude and phase of the diurnal (24 h, S1) and semi-

diurnal (12 h, S2) harmonics using least squares fitting. To

help gauge the significance of the diurnal variations, the

amplitude is normalized (i.e., divided) by the daily mean

and expressed in a percentage. We realize that the har-

monic analysis is just one (albeit widely used) of many

ways (e.g., Dai et al. 1999) to quantify the diurnal varia-

tions and it might not be the best approach for cases where

the diurnal cycle is severely non-harmonic (Yang and

Smith 2006).

Besides analyzing precipitation amount, precipitation

frequency and intensity were also computed and analyzed.

The frequency is defined here as the percentage of the

observations (out of all valid observations) having a pre-

defined precipitation event, while the intensity is the mean

precipitation rate averaged over the precipitation events

only (i.e., non-precipitating periods are excluded in this

averaging). We used both daily (defined as >1 mm/day)

and hourly or 3-hourly (>0.1 mm/h) precipitation in com-

puting daily precipitation frequency and intensity (for

seasonal map comparisons) and hourly or 3-hourly pre-

cipitation frequency and intensity (for diurnal analyses),

respectively.

3 Mean precipitation amount, frequency, and intensity

Before analyzing the diurnal cycle, we first compare the

spatial distribution of multi-year (2003–2005) mean pre-

cipitation amount, frequency, and intensity among the
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satellite data sets. Figure 1 shows June–August (JJA) mean

precipitation amount from GPCP v2 and the differences

between five other satellite products and the GPCP data.

The GPCP precipitation shows large-scale patterns that are

common in all the satellite products, but difference maps

reveal substantial discrepancies among these datasets. The

difference between the CMAP and GPCP illustrates current

uncertainties in estimating global precipitation fields. The

CMAP precipitation is generally higher than GPCP over

low-latitude oceans due to its calibration using coastal and

atoll gauge data, whose use to calibrate open-ocean pre-

cipitation has been questioned (Yin et al. 2004). Over land,

the CMAP is generally lower than GPCP, which partly

results from differences in the analysis techniques and the

climatological adjustment for wind-induced under-catch

errors used by GPCP (although this error is most pro-

nounced in cold seasons at high latitudes). The difference

between TRMM 3B42 and GPCP is relatively small over

most areas, which reflects the fact that the two products are

heavily influenced by the same rain-gauge data from the

Global Precipitation Climatology Centre (GPCC) and that

GPCP used a linear combination of all satellite estimates.

On the other hand, the other three products [CMORPH

(similar for CMORPHmi), PERSIANN, MI] all show wet

biases over many land areas and dry biases over many

oceans. In particular, all these three products have large

(>40%) wet biases over the United States, Central Amer-

ica, and tropical Africa. Large dry biases exist over the

Table 1 Precipitation data sets used in this study

Dataset name (Reference) Spatial and temporal

resolution and coverage

Data sources and merging method Online documentation

CMORPH

(Joyce et al. 2004)

0.25� grid, 60�S–60�N,

180�W–180�E; 30 min.,

12/2002-present

Microwave estimates from the DMSP 13, 14

and 15 (SSM/I), the NOAA-15, 16 and 17

(AMSU-B) and the TRMM (TMI) satellites

are propagated by motion vectors derived

from geostationary satellite infrared data.

http://www.cpc.ncep.noaa.gov/

products/janowiak/

cmorph_description.html

PERSIANN

(Hsu et al. 1997)

0.25� grid, 60�S–60�N,

180�W–180�E; 30 min.,

3/2000-present

A neural network, trained by precipitation from

TRMM TMI (2A12) and other satellites (DMSP

F13, F14 and F15 (SSM/I), NOAA-15, 16, 17),

was used to estimate 30 min. precipitation

from infrared images from global

geosynchronous satellites

http://hydis8.eng.uci.edu/

persiann/

TRMM 3B42

(Huffman et al. 2007)

0.25� grid, 50�S–50�N,

180�W–180�E; 3-

hourly, 1/1998-present

Microwave (TRMM, SSM/I, AMSR and AMSU)

precipitation estimates were used to adjust IR

estimates from geostationary IR observations.

The rainfall estimates were scaled to match

the monthly rain-gauge analysis used in TRMM

3B-43

http://daac.gsfc.nasa.gov/

precipitation/

TRMM_README/

TRMM_3B42_readme.shtml

Merged microwave only

precipitation (MI; X. Lin,

personal communication)

2.5� grid, up to 75�S–

75�N, 180�W–180�E;

hourly, 12/1997-present

Estimates from TRMM TMI, SSM/I on DMSP

F13, F14, F15, and AMSR-E from AQUA were

first averaged on a 0.25� grid and then further

averaged to a 2.5� grid.

CPC Hourly US

Precipitation

(Higgins et al. 1996)

2.5� lon · 2.0� lat, 20�N–

60�N, 140�W–60�W;

hourly, 7/1948–10/2002

Hourly reports from ~2,800 rain-gauges

were used to derive the gridded data

http://www.cpc.ncep.noaa.gov/

research_papers/

ncep_cpc_atlas/1/toc.html

Global precipitation

frequency data

(Dai 2001a,b)

2� grid, global; 3-hourly

for each season, 1976-

present

Weather reports from ships and over 15,000

stations were used to compile the occurrence

frequency for various types of precipitation.

http://www.cgd.ucar.edu/cas/

adai/

GPCP v2 (Adler et al. 2003) 2.5� grid, globe, monthly,

1979-present

IR estimates were calibrated by microwave

estimates and then adjusted by rain-gauge data

http://precip.gsfc.nasa.gov/

CMAP (Xie and Arkin 1997) 2.5� grid, globe, monthly,

1979-present

Rain-gauge data over land, satellite IR, OLR,

MSU and SSM/I estimates over ocean and

model data (mostly over polar regions) were

merged together, with oceanic rainfall calibrated

by rain-gauge data from coastal and atoll

stations

ftp://ftp.cpc.ncep.noaa.gov/

precip

CMORPH Climate Prediction Center (CPC) morphing method, PERSIANN Precipitation Estimation from Remotely Sensed Information using

Artificial Neural Networks, TRMM Tropical Rainfall Measuring Mission, GPCP Global Precipitation Climatology Project, CMAP Climate

Prediction Center (CPC) Merged Analysis of Precipitation, DMSP the Defense Meteorological Satellites Program, SSM/I the Special Sensor

Microwave Imager, AMSU the Advanced Microwave Sounding Unit, TMI the TRMM Microwave Imager, AMSR the Advanced Microwave

Scanning Radiometer, OLR outgoing longwave radiation, MSU Microwave Sounding Unit
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Southern Ocean, which arises partly because current

microwave estimates from polar-orbiting satellites are

unreliable for high latitudes (above 50�). Plots of Decem-

ber–February (not shown) revealed similar difference pat-

terns, except that the wet biases for CMORPH,

PERSIANN, and MI are seen over almost all Southern

Hemisphere land, and the biases become negative over the

eastern U.S. Thus, compared with GPCP v2, the micro-

wave calibrated precipitation from CMORPH, PERSI-

ANN, and MI tends to overestimate warm-season land

precipitation and underestimate oceanic precipitation, ex-

cept for the western Pacific where PERSIANN and, to a

lesser extent, CMORPH overestimate rainfall.

Figure 2 shows the 2003–2005 mean DJF and JJA fre-

quency of daily precipitation (>1 mm/day) from

CMORPHmi and merged products, PERSIANN, and

TRMM 3B42. They are compared with estimates based on

synoptic weather reports (Fig. 2a, f). The broad patterns of

the frequency maps are comparable among the satellite

products and they are similar to those of mean precipitation

amount (cf. Fig. 1a), although PERSIANN shows higher

DJF frequency in northern mid-latitudes than the other

products. All the satellite products show less than 1% of the

days with precipitation exceeding 1 mm/day over the

subtropical oceans and Africa. The inter-tropical conver-

gence zone (ITCZ) is clearly shown in the frequency maps

with a maximum frequency of 60–80%, although it is weak

in PERSIANN over the central and eastern Pacific Ocean

for DJF. The highest frequency (>80%) is seen over tro-

pical Africa and South America. There are large seasonal

variations in the frequency over the mid-latitudes over both

land and oceans and in the Tropics associated with the

north–southward migration of the ITCZ. The microwave-

only product from CMORPH (Fig. 2b, g) shows frequency

maps very similar to the other products that also use IR

data. This suggests that the inclusion of the IR observa-

tions, which improves sampling, does not alter the daily

precipitation frequency significantly. The 3-hourly weather

reports (Fig. 2a, f) show frequencies comparable to the

satellite-based frequencies over most land areas, but the

estimates over the oceans are based on limited 6-h sam-

pling and thus have large sampling errors (Dai 2001a).

Daily precipitation intensity for DJF and JJA from the

four different satellite products is shown in Fig. 3. Again,

the broad patterns are similar among these products, with

stronger intensity over the tropical oceans (10–16 mm/day)

than most other regions (1.6–8.0 mm/day). The intensity

patterns resemble less of those in precipitation amount (cf.

a b

dc

e f

Fig. 1 2003–2005 mean June–August precipitation from GPCP (Adler et al. 2003), and the difference between CMAP (Xie and Arkin 1997) and

GPCP (top right) and between each of the four pure satellite estimates and GPCP
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Fig. 1a) than the frequency (cf. Fig. 2), suggesting that

spatial distribution of precipitation amount is firstly deter-

mined by how frequent it rains at different locations and

secondarily by how heavy it rains. Figure 3 (top two rows)

also shows that the inclusion of IR data does not change the

intensity significantly. Quantitative differences do exist,

however, among the different products. For example, the

PERSIANN data show stronger intensity over the tropical

western Pacific and Indian Ocean than TRMM 3B42.

In summary, the high-resolution, pure satellite products

of hourly or 3-hourly precipitation show spatial patterns in

mean precipitation amount that are comparable to GPCP

monthly data, with some wet biases over warm-season land

areas in CMORPH, PERSIANN, and MI. The daily pre-

cipitation frequency and intensity maps are comparable

among these different data sets, and consistent with esti-

mates based on weather reports over land. The use of IR

data to improve sampling in the satellite products does not

a

b

c

d i

je

h

g

f

Fig. 2 2003–2005 mean DJF (left column) and JJA (right column)

daily precipitation (>1 mm/day) frequency (%) from microwave only

(2nd row, from CMORPH), merged CMORPH (3rd row), PERSI-

ANN (4th row), and TRMM 3B42 (bottom row) satellite products.

Also shown (top row) are estimates based on synoptic weather reports

(1975–1997 mean, Dai 2001b)
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change the mean precipitation amount, frequency, and

intensity significantly.

4 The mean diurnal (24 h) harmonic of precipitation

amount

Figure 4 shows the multi-year mean diurnal cycle of

summer precipitation from ten selected 2� boxes around

the world (see Fig. 5a for the locations on a map) derived

from the four satellite products, surface weather reports

(+), and rain-gauge measurements (thick solid line, for

Fig. 4a only). In general, these data show comparable

diurnal variations at these sites, with the weather reports

being slightly noisier. For example, all the data show a

large peak around 1700 LST at the S.E. U.S. box (with

the rain-gauge data showing a smaller peak and a slightly

earlier phase) (Fig. 4a), and a strong peak around 0700–

0800 LST for DJF precipitation at the S. American box

(57�W, 29�S) (Fig. 4i, also cf. Fig. 6). Substantial diurnal

variations are also evident for several other sites (e.g.,

Europe, E. China, and S.E. Australia), although the

diurnal cycle is relatively weak at the oceanic sites such

as the North Pacific and North Atlantic boxes (Fig. 4d, e),

where the estimated diurnal phase can differ substantially

among the different data sets. This is a common problem

in estimating the diurnal phase for places with weak

diurnal variations. Figure 4 also shows that the 24-h cycle

predominates over 12 h and shorter time scale variations,

with only the Sahel site showing a weak secondary peak

around 1900 LST. However, the absence of a secondary

peak does not necessarily imply non-existence of a semi-

diurnal cycle.

The phase and amplitude of the diurnal (24 h) har-

monic (S1) estimated from surface weather reports and the

four satellite products are shown in Fig. 5 for JJA pre-

cipitation (CMORHPmi is similar to CMORPH merged

shown in the figure). We recognize that in Fig. 5 the

a e

fb

c

d h

g

Fig. 3 Same as Fig. 2 but for daily precipitation intensity (mm/day) from satellite observations
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weather reports, which are the only global surface data

available, represent the diurnal cycle of precipitation

frequency, whose diurnal phase and amplitude may differ

from those of precipitation amount (see below) although

this is not the case in the rain-gauge data over the U.S.

(Dai et al. 1999). Overall, both the surface and satellite

data show an afternoon–evening maximum over most

continental areas, while the peak is from midnight to

a f

g

h

i

j

b

c

d

e

Fig. 4 Mean diurnal cycle of summer precipitation at ten selected

2� · 2� boxes from surface weather reports (plus indicates frequency

in % on the right-hand ordinate, 1975–1997 mean), CMORPH (open
circle indicates 2003–2005), TRMM 3B42 (asterisks indicates 1998–

2005), PERSIANN (thin solid lines indicates 2002–2005), and MI

(dashed lines indicates 1998–2005). Also shown in the top-left panel
(thick solid line) is rain-gauge hourly data (for 1963–1993). Note that

the hourly data were smoothed using a three-point running mean. See

Fig. 5a for the location of the boxes (black dots) on a world map
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early morning over the oceans. The amplitude ranges

from ~30 to 100% of the daily mean precipitation over

most land areas and some oceans. A relative amplitude of

30% would mean a minimum-to-maximum difference

equaling 60% of the daily mean, which is a substantial

variation (cf. Fig. 4). The surface data (for both showery

and non-drizzle precipitation) are noisy over the tropical

and southern oceans due to large sampling errors, but they

do show spatially coherent phase patterns over the con-

tinents and many oceanic regions. For example, the sur-

face weather reports (of JJA non-drizzle precipitation)

(Fig. 5a) show the phase transition from the Rocky

a g

hb

c i

jd

e k

lf

Fig. 5 The phase (local solar time in hours of the maximum, left
column) and amplitude (in % of daily mean, right column) of the 24-h

harmonic estimated from the mean diurnal anomalies of JJA

precipitation frequency for non-drizzle and showery precipitation

from surface weather reports (top two rows), and of JJA precipitation

amount from MI (3rd row), TRMM 3B42 (4th row), PRESIANN (5th
row), and CMORPH (bottom row). Note the normalized amplitude is

not shown (i.e., white color) over the subtropical areas where the

mean precipitation is less than 0.1 mm/day. The ten black dots in a
indicate the location of the grid boxes shown in Fig. 4
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Mountains to the central United States as seen in hourly

rain-gauge data (e.g., Dai et al. 1999). They also show a

phase shift from the central (~0400–0600 LST) to coastal

(~0600–0800 LST) North Atlantic. This 2 h phase shift is

also evident in the North Pacific. All the surface and

satellite data show a morning maximum with an ampli-

tude of 20–40% over a region around Uruguay and

northeastern Argentina, although the surface observations

extend the morning maximum farther to the west (Fig. 5).

The estimated phase is noisy over the Southern Oceans,

where the uncertainties are large due to small amplitudes

and large sampling errors.

The phase from the satellite data is about a few hours

later than the surface observation over most land and

oceans (Fig. 5). It is closer to the phase of showery pre-

cipitation frequency than all-form precipitation in weather

reports, especially for the CMORPH (CMORPHmi is

similar) and MI products. In contrast to this general bias,

however, the early morning maximum over the central U.S.

in the surface observation becomes a midnight peak in the

Fig. 6 Same as Fig. 5 but for December–February
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satellite precipitation. The MI and CMORPH seem to

match the phase in surface data better than the PERSIANN

and TRMM, which have a phase delayed further by ~1–

2 h. The relative amplitudes over many land areas are

larger in the satellite data than the surface observations, but

they are comparable among the four satellite products

(except for the subtropical oceans and arid land areas

where the relative amplitudes are exaggerated by the small

daily mean).

It is unclear what have caused these quantitative dif-

ferences. While the surface weather reports have sampling

errors, especially over the tropical and southern oceans,

they agree with rain-gauge data over the U.S. (Dai et al.

1999) and the sampling over the North Atlantic and Pa-

cific Ocean appears to be sufficient (Dai 2001a, b). The

fact that the diurnal phase from the satellite data matches

that of the showery precipitation better than non-drizzle

precipitation suggests that the satellite estimates of sur-

face precipitation were biased toward convective events.

This is probably not surprising given that IR sensors

measure brightness temperatures of cold cloud tops that

are often associated with deep convection, and that

Fig. 7 The phase (local solar time in hours of the first maximum, left
column) and amplitude (in % of daily mean, right column) of the 12-h

harmonic estimated from the mean diurnal anomalies of JJA

precipitation frequency for non-drizzle precipitation from surface

weather reports (top row), and of JJA precipitation amount from

CMORPH microwave-only product (2nd row), TRMM 3B42 (3rd
row), PRESIANN (4th row), and CMORPH merged product (bottom
row). Note the normalized amplitude is not shown (i.e., white color)

over the subtropical areas where the mean precipitation is less than

0.1 mm/day
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microwave sensors are sensitive to the large hydrometeors

in deep convective systems.

Figure 6 shows the diurnal phase and amplitude for

boreal winter (December–February or DJF) precipitation.

Over the northern mid-to-high latitudes, DJF precipitation

frequency has relatively small diurnal variations with

amplitudes less than 30% of the daily mean and a peak in

the morning (0600–1200 LST) (Fig. 6a, g). Winter

showery precipitation over the northern latitudes peaks in

the early afternoon (Fig. 6b). Over the oceans, the DJF

a f

gb
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Fig. 8 Same as Fig. 4 but for the mean diurnal cycle of precipitation frequency

A. Dai et al.: The frequency, intensity, and diurnal cycle of precipitation

123



phase and amplitude are not very different to JJA (except

that the DJF phase is about 1–2 h later), suggesting small

seasonal variations in the diurnal cycle of oceanic preci-

pitation.

The phase in the MI and CMORPH DJF precipitation

is close to that of showery precipitation frequency from

the weather reports, whereas the phase in PERSIANN

and TRMM 3B42 is around midnight (~6 h earlier than

a f

gb

c h

id

e j

Fig. 9 Same as Fig. 4 but for the mean diurnal cycle of precipitation intensity
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non-drizzle precipitation frequency) for the northern lat-

itudes (Fig. 6). The diurnal amplitude for MI (Fig. 6i) is

too large over most Asia and N. America compared with

the other products. Over the Southern Hemisphere, the

satellite DJF data capture the late afternoon–evening

(1600–2000 LST) maximum in showery precipitation

over continents and the late morning maximum over

most oceans. The DJF results further suggest that the

satellite data, especially MI and CMORPH, mainly

capture the diurnal phase of convective precipitation.

Fig. 10 Same as Fig. 5 but for precipitation frequency from weather reports and the satellite observations (in contrast to precipitation amount
from satellite observations in Fig. 5)
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5 The mean semi-diurnal (12 h) harmonic

of precipitation amount

The 12-h, semi-diurnal cycle is generally weak and is

resolved relatively poorly by 3-hourly data compared with

the diurnal cycle. As such, the estimates presented here

may contain large errors.

Figure 7 shows the mean phase and amplitude of the

12-h harmonic (S2) estimated from the surface and satellite

precipitation data for JJA. The relative amplitude is less

than 20% over most land and oceans except for the dry

areas with small mean precipitation in all satellite products.

Surface weather reports also show small (5–15%) ampli-

tudes over most of Eurasia and North America, but larger

amplitudes over many low-latitude areas where sampling

for the 12-h harmonic is less than adequate, especially over

the oceans (Dai 2001a). The S2 phase is similar for the

TRMM and PERSIANN precipitation over most mid- and

high-latitudes, with the time of maxima ranging from 0300

to 0600 LST, which is comparable to 0400–0600 LST in

the surface weather reports and the phase in station records

(Hamilton 1981; Oki and Musiake 1994). The CMORPH

precipitation (for both versions) shows a phase that is a few

hours later than the other data sets over most oceans. The

relative amplitude in the CMORPH microwave-only pre-

cipitation is slightly stronger than that in the other satellite

products over arid regions.

6 The diurnal cycle of precipitation frequency

and intensity

Precipitation diurnal variations arise mostly from its fre-

quency rather than intensity in U.S. hourly rain-gauge

data (Dai et al. 1999). To examine whether this is true

over other parts of the world, we analyzed the diurnal

cycle of precipitation frequency and intensity (see Sect. 2

for their definitions). Figures 8 and 9 show the multi-year

mean diurnal cycle of precipitation frequency and inten-

sity, respectively, at the ten selected grid boxes as in

Fig. 4. For the sites with large diurnal cycles in precipi-

tation amount, such as the S.E. U.S., Europe, S.E. Aus-

Fig. 11 Same as Fig. 5 but for precipitation intensity from satellite observations
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tralia, and Sahel boxes (cf. Fig. 4), the frequency and

intensity both show considerable diurnal variations

(Figs. 8, 9). Furthermore, the relative amplitude (i.e., di-

vided by the daily mean) is larger in the frequency than

intensity for the S.E. US, Europe, SE Australia, and some

other sites, although the intensity is the dominant con-

tributor for the S. America and Sahel sites. While the

timing of the diurnal peak for the frequency and intensity

is both similar to that of precipitation amount at the S.E.

U.S. box (except for CMORPH), it often differs between

the frequency and intensity (Figs. 8, 9). The diurnal peak

of the intensity becomes less obvious for many sites such

as E. China, the North Atlantic and Pacific boxes, espe-

cially for CMORPH precipitation.

Figure 10 shows the local time of maximum and

amplitude of the diurnal (24 h) harmonic of the JJA pre-

cipitation frequency. Overall, both the phase and amplitude

are very similar to those of precipitation amount (cf.

Fig. 5), except that the relative amplitude over land are

slightly weaker in the frequency for the satellite data (note

the top two rows are the same in Figs. 5, 10). For the

TRIMM and PERSIANN precipitation, the local time of

maximum over most Eurasia is a couple of hours earlier in

the frequency than the amount, making it closer to that in

surface observations (Fig. 10). This is not the case for

CMORPH precipitation, whose amount and frequency

show similar diurnal phases (cf. Figs. 5f, 10f). Further-

more, the phase for both the amount and frequency is

similar over North America and most Southern Hemisphere

land in all the satellite products. The phase and amplitude

maps for DJF precipitation frequency (not shown) are

comparable to those of DJF precipitation amount (cf.

Fig. 6).

The diurnal cycle of precipitation intensity (Fig. 11) is

much weaker than that for the amount and frequency,

with only about half of the relative amplitude for fre-

quency over most land and oceans. The CMORPH pre-

cipitation intensity (for both the merged and microwave-

only products) has an even smaller diurnal cycle than the

TRMM and PERSIANN products (Figs. 9, 11). The time

of maximum for the intensity is two or more hours later

than that in the frequency. It is around midnight (2200–

0200 LST) over most land areas and in the late morning

(0800–1000 LST) over many oceans. There are, however,

many regional differences among the satellite products.

For example, the CMORPH precipitation intensity (for

both versions) has a peak in the morning over the

Southeast U.S., in contrast to the afternoon peak in the

PERSIANN and TRMM data (Fig. 11), although the later

two are still about 2–4 h too early compared with rain-

gauge data (Dai et al. 1999). Because of the relatively

small amplitude, the estimated phase for intensity has

large uncertainties (cf. Fig. 9).

7 Summary and concluding remarks

We have analyzed four high-resolution satellite precipita-

tion products (namely, CMORPH, PERSIANN, TRMM

3B42, and MI) by comparing the spatial patterns in sea-

sonal mean precipitation amount, daily precipitation fre-

quency, and intensity, and the diurnal and semi-diurnal

cycles among them and with surface observations, with a

focus on the large-scale and global features. We found that

these high-resolution data sets show spatial patterns in

mean precipitation amount that are comparable to other

monthly products (e.g., GPCP v2) at low- and mid-lati-

tudes, with some wet biases over warm-season land areas

and dry biases over some oceans in the CMORPH, PER-

SIANN, and MI precipitation compared with the GPCP

precipitation. The difference between the TRMM and

GPCP precipitation amount is small. The daily precipita-

tion frequency and intensity maps are comparable among

these pure satellite products, and consistent with the fre-

quency estimated using synoptic weather reports over land.

The spatial pattern in the frequency resembles that in the

precipitation amount more than the intensity does, sug-

gesting that precipitation spatial variations are largely

determined by how often it rains rather than how heavy it

rains at different locations. The use of IR data to improve

sampling of individual events does not affect the mean

precipitation amount, daily precipitation frequency and

intensity significantly.

The satellite precipitation data show that sub-daily

variations are dominated by the 24-h cycle, which has an

afternoon–evening maximum and (mean-peak) amplitude

of 30–100% of the daily mean in precipitation amount over

most land areas during summer. Over most oceans, the 24-

h harmonic has a peak from midnight to early morning with

an amplitude of ~10–30% during both winter and summer.

These diurnal results are broadly consistent with those

based on surface weather reports. There are, however,

quantitative discrepancies among the different satellite

products and with the surface observations. In general, the

time of maximum in the satellite precipitation is a few

hours later than that in the surface observation over both

land and ocean, and it is closer to the phase of showery

precipitation frequency in weather reports, especially for

the CMORPH and MI products. In the satellite products,

the early-morning maximum over the central U.S. becomes

a midnight peak, while the early-morning peak over most

oceans is delayed to around 0800–1200 LST. The MI and

CMORPH precipitation has a phase that is about 1–2 h

earlier than that in the PERSIAAN and TRMM data and

thus matches the surface data better.

During boreal winter (DJF), surface weather reports

show a weak diurnal cycle in precipitation frequency with

an amplitude less than 30% and time of maximum around
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0600–1200 LST over most Northern Hemisphere land and

many oceanic areas, while the MI and CMORPH DJF

precipitation shows a weak diurnal peak in the early

afternoon over northern latitude land areas, which is close

to that in showery precipitation in surface observations.

The TRMM and PERSIANN DJF precipitation shows a

weak maximum around midnight for the northern latitudes.

The satellite data and weather reports show a weak

(amplitude <20%) semi-diurnal cycle over most land and

oceans. The TRMM and PERSIANN precipitation exhib-

iting a coherent time of maximum around 0300–0600 LST

over most mid- to high-latitudes, which is comparable to

0400–0600 LST in the surface data.

The satellite data confirm the previous notion (based

largely on U.S. rain-gauge data) that the diurnal cycle of

precipitation comes mostly from its frequency rather than

its intensity over most of the globe. The phase and

amplitude patterns of the diurnal cycle are similar for the

precipitation amount and frequency, whereas the intensity

has a much weaker amplitude (~half of that for fre-

quency) and a phase several hours later than that for

frequency.

These results suggest that the high-resolution precipi-

tation products derived from multi-satellite observations

are able to capture the mean spatial patterns in global

precipitation fields, and produce comparable mean fre-

quency and intensity maps for daily precipitation for the

low- and mid-latitudes. They also capture much of the sub-

daily variations in precipitation amount, frequency, and

intensity, although quantitative differences in the diurnal

phase and amplitude exist among the different products and

with surface observations. In particular, the diurnal cycle in

the satellite precipitation resembles that of showery or

convective precipitation more than the total precipitation.

Overall, the results suggest that these relatively new pre-

cipitation data sets can be used for many applications that

require high temporal and spatial resolution, and that the

inclusion of IR data from geostationary satellites appears to

be an effective way to improve sampling without altering

the frequency and intensity and the diurnal cycle signifi-

cantly.
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