
6. Convection: Why can't we predict rainfall?
6.0. Two categories of convection

Horizontal Convection Vertical Convection

High T High TLow T Low T

Low T

 Vertically stably-stratified atmosphere 
 Horizontal temperature gradient at ground

 Scales: ≥ 102 km, ≥ 1 day 

 Meridional (Hadley/monsoon) circulations
 Local (sea-land/mountain-valley) breezes

 Vertically unstably-stratified atmosphere 
 Conditional instability by latent heat release 

with cloud condensation 

 Scales: < 10 km, < 1 h 

 Individual convective clouds (cumulus, 
cumulonimbus)

 Clustering mechanisms needed 



Rainfall “not so easy” even in tropics (Conditional instability paradox)

 Dry adiabatic ＜ actual lapse rate ＜ Moist adiabatic
（－10ºC/km） （－6.5ºC/km） （－5ºC/km）

 Convection generated if condensation (cloud) started 

 Condensation (cloud) if convection (lifted / moistened)

 Therefore “initial upward motion” must be forced

(i) Cold /warm air boundary (extratropical cyclone “front”) 

(ii) Subtropical vortex organization (Typhoon) 

(iii) Equatorial oceanic wave organization (Intraseasonal Madden-Julian oscillation)

(iv) Diurnal-cycle sea-land breeze circulation                    (v) Windward side of mountain
(leeside: dry and hot, so-called Föhn)
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(Hashiguchi et al., 1995a, Shigaraki, Japan)

(Hashiguchi et al., 1995b, Serpong, Indonesia)
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No “tropical night” in the tropics
 In the mid latitudes wind and rain are mainly by cyclones without depending upon 

the local time, and the diurnal-cycle sea-land breezes are by daytime solar heating 
and nighttime infrared cooling in the anti-cyclonic fine weather. 

 In the equatorial tropics precipitating clouds themselves generate the diurnal cycle 
and temperature < 25℃ (not satisfying “tropical night”) before sunrise. 

Hourly observation data of temperature at Pontianak during April 2002 (Wu et al., 2008）．
A blue line indicates the lowest temperature limit 25℃ defined as “tropical night” by JMA. 

Date (April 2002)     

Te
m

pe
ra

tu
re

 (℃
) 



Aspects determining land-sea temperature difference
• Heat capacity: solid land smaller than liquid sea/lake water 

Heating/cooling = heat capacity × temperature change     →     Land is heated/cooled more quickly than water. 

• A part of heat given to sea/lake water is used for evaporation and does not contribute to temperature increase.     

Swamp and plants on land also may cause evaporation/evapotranspiration. 

Evening rainfall has a role of sprinkler and makes land cooling        

• A part of heat on sea/lake surface may be transported to deeper layers by water motions. 

• Mountain slope is heated/cooled more easily than the bottom basin/plain. 

• Dry dessert, rocks and concrete surface (with a large albedo decreasing solar heating) have smallest heat capacity. 

Observational difficulties
• Horizontal/temporal resolution/inhomogeneity/representability

• Vertical resolution: Stability indeterminacy 

• Observations on the sea side (although more homogeneous/steady than land) 

• Non-meteorological parameters on the land side 



Frederick de Houtman 
(1571–1627)

Cornelis de Houtman 
(1565–1599)

Krakatau

6/22

Night–10 AM: land wind;  noon–evening: sea wind

6/19

First Dutch arrival (bypassing Melaka)

6/21
6/20

1596/6/15

6/16

6/17

6/18

Strong rain 
before sunrise



Rainy (Dec-Feb) Dry (Jul-Sep)
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QBO

Monsoon

Sea Breeze

06       12      18      00   LT

van Bemmelen (1913, 1922)

06-24 LT hourly for May-Nov; 
08, 14,  19 LT for Dec-Apr
during 1905-15 



Pre-YMC observations in Nov-Dec 2015
YMC obs in Nov 2017-Jan 2018

Pulau Enggano



Lower-tropospheric temperature at/off Bengkulu (8-18 Dec 2016)

Radar echo Hovmöller
(analyzed byYokoi)

Sea 
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00Z = 07 LT (≒sunrise)
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Sea-land breeze circulation over ASEAN

JMA reanalysis (April – October 1998) (Uchida, Yamanaka, et al., 2003)

2 m/s

00 UT (07 LT) 
Land breeze in midnight - morning

12 UT (19 LT) 
Sea breeze in afternoon - evening



Modeling of the sea-land breeze circulation
• A pioneering study (Estoque, 1962; Bay of Manila）

Land surface temperature: Diurnal cycle of 10℃

Sea surface temperature: constant

Results are shown for maximum sea breeze in the afternoon 

• (a) No back ground wind : 

Maximum sea wind 10 ms‒1 at 250 m height

Sea-breeze front: 32 km from the coastline 

U, T’ : large gradient,  W～0.1 ms‒1

V (along coastline) due to Coriolis force （V < 0 for U > 0）

• (b) Landward background wind: 

Larger intrusion of the sea breeze (unclear front) 

• (c) Seaward background wind: 

Stronger front and upstream near the coastline

• Land breeze weaker than sea breeze 

(However, the mountain and “sprinkler” effects may enhance 
the land wind in case of  Indonesian Maritime Continent)
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(|Westward| ＝ |Eastward|)
Stationary convection

(|Westward| ＜ |Eastward|)
Eastward traveling convection

(|Wetward| ＞ |Eastward|)
Westward traveling convection

Pair of internal (up-/down-ward propagating ) waves   ＝ Convection

ψ＝ cos (kx＋mz) Ψ＝cos (kx＋mz)－cos (kx－mz)
＝－2sinkx sinmz

Plain monochromatic wave far/free from boundary
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“Sprinkler” effect

(Wu, Yamanaka & Matsumoto., 2008)

Noontime clear sky over land 
permits  solar heating 
dependent on season & latitude
→ “rainy season” as 

southern hemisphere

Sea water temperature 
determines intensity of 
morning maritime convection 
→ Less rainfall in El Nino and 

More rainfall in La Nina         

Rainfall cools land 
→ Dominant diurnal cycle 

even in rainy day/season   



Aceh

Sibolga-Medan

Padang-Pekanbaru

Bengkulu-Jambi

Krui-Palembang

(Sakurai et al, 2005, JMSJ)

Sunset

Sunrise

pantai

TjL

Satellite tracking of rain cloud migration



← Sumatera →

Sunset
Sunrise

GMS IR cloud top
May 2001 – April 2002

(Sakurai et al., 2005)

TRMM PR rain intensity
1998 – 2000

(Mori et al., 2004)

Hourly rain at Bukit Batu
6 Nov 2009 – 23 Apr 2011 (kozan, 2012)

Sumatran diurnal cycle and Riau peatland rainfall



GMS cloud top (14-yr-mean monthly LT) 

HARIMAU2010  (1 month CDR; Mori et al., 2018, PEPS)

coastline

TRMM rainfall (3-year mean LT; Mori et al., 2004)





Diurnal cycle enhancing seasonal cycles
 Noon insolation before could parasol effect → seasonal cycle 

- Rainy in each hemispheric summer (Semiannual near equator)  
(Hamada et al., 2002; Aldrian & Susanto, 2003) 

- Cloud parasol effect: after could generation mainly afternoon  
 Monsoon in the western IMC (Matsumoto & Murakami, 2000) 

- Eurasia-Indian Ocean location enhancing hemispheric contrast 
- Coriolis force → NE-SW / NW-SE wind in N / S hemispheres  
- N-winter “cold surge” → wet on E/S-China & Jawa Seas

→ flooding diurnal rain in Jakarta (Wu et al., 2007, 2013)

(Araki et al., 2006)

(Hattori et al., 2011; Matsumoto et al., 2017)



Jan-Feb 2007 Jan 2013La Nina
+ Monsoon
+ MJO 

(Indian Ocean 
eastward cloud)

+ Local Diurnal Cycle



Diurnal cycle interactions at small/large islands

Biak (Tabata et al., 2011)

Siberut (Wu et al., 2008)
Pramuka (Mori et al., 2018)

(As-syakur et al., in preparation)

Kalimantan-Sulawesi case
(Ichikawa and Yasunari, 2006)
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West Sumatera
(Baｒisan Mts.)

(Bangka Is & 
Belitung Is.)

East Sumatera 
(Riau peatland.)



Tropical convection/rainfall as functions of coastline distance/length

(TRMM, Dec 1997-Jan 2011, 37S-37N; Ogino et al., 2016, JC)

Regional rainfall (mm/yr)＝2000 (mm/y102 km) 
×[coastline length (102 km)/land area (104km2)]

Rainfall concentrated along the coastlines.  
→  Regional rainfall dependent on the coastline length 

（Ogino et al., 2016)

（Yamanaka, 2016, AR, invited overview)



(Trenberth et al., 2009)
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Costal regions in the global energy/water cycle

IMC coastal regions in the global water/energy budget
Annual rainfall:   2,500 mm 

≒ 2.5 × global mean latent heat release 1,000 mm or 80 W/m2 (1/3 of GH effect)
Annual rainwater amount:   1 × 1014 m3

.    ≒ 1/3 × tropical total amount .    ≒ 1/6 × global total amount 



6.2. Vertical (cloud) convection:
Conditional instability and cumulus clouds

 Vertical heat transport: 
- Radiation: electromagnetic (without any media) 
- Conduction: molecule motions 
- Convection: hydrodynamic motions  

 Classical hydrodynamics of convection 
- Rayleigh-Taylor, Benard-Rayleigh, …
- viscosity, gravity 

 (Conditionally) Unstable stratification 
- Latent heating ⇒ “Pseudo”-adiabatic process 
- Equivalent potential temperature 

 Coupling with cloud microphysics 
- Condensation/evaporation, freezing/melting, sublimation
- Heterogeneous growing, aerosol nuclei, chemistry, electricity  
- Warm rain: stochastic coalescence, droplet/drizzle/raindrop 
- Cold rain: ice crystal/snow/graupel /hail  



Rainfall “not so easy” even in tropics (Conditional instability paradox)

 Dry adiabatic ＜ actual lapse rate ＜ Moist adiabatic
（－10ºC/km） （－6.5ºC/km） （－5ºC/km）

 Convection generated if condensation (cloud) started 

 Condensation (cloud) if convection (lifted / moistened)

 Therefore “initial upward motion” must be forced

(i) Cold /warm air boundary (extratropical cyclone “front”) 

(ii) Subtropical vortex organization (Typhoon) 

(iii) Equatorial oceanic wave organization (Intraseasonal Madden-Julian oscillation)

(iv) Diurnal-cycle sea-land breeze circulation                    (v) Windward side of mountain
(leeside: dry and hot, so-called Föhn)
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Cumulonimbus
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0ºC

Max. 17m/s
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95E 100E
(Sakurai et al, 2011, JMSJ; 

Kawashima et al, 2011, JMSJ)

(Wu et al, 2005)



Tornadoes 

(Jawa Tenggah, May 2012) (Sumatera Barat, July 2015)

Fujita (1985)

Microbursts

(by Drs. Geng & Katsumata@R/V Mirai, off Bengkulu, 25 Nov 2015)→ Causes of airplane / ship accidents 



Cloud-precipitation microphysics
 Saturation  [← a solution of (7)]

 Homogeneous nucleation and curvature effect

 Heterogeneous nucleation and solute effect 
 Coagulation and warm rain 

(Lamb, 2003)

(Andrews, 2000)

(Wallace & 
Hobbs, 2006)
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“Supercooled droplets”

Tropopause

Tropopause

Mixed layer top (ascending after sunrise;  
Highest after noon; disappearing before sunset)

(before sunrise) (daytime)
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Radar RAdio Detection And Ranging 

Direction of the antenna receiving the scattered signal returns to the antenna → Direction of the target
Time of the radio wave round-trip between radar and target (by light speed) → Distance of the target 

(a) Meteorological (or weather) radar (b) Wind profiler (or atmospheric radar)
Any hard targets/scatterers 
(including aircrafts, ships, …, birds, insects, seeds, …, dusts, ashes, …. )

from factories/volcanos

(typically parabolic) 

(usually phased array)  

(due to atmospheric turbulence)  

(typically overhead at high elevation angles) 



US radars in 1940s-
50s

MIT S-band 1942 (Katz & Harney, 1990)

AFGL Ku-band 1951 (Metcalf & Grover, 1990)



1959 proposed after “Isewan-Typhoon” killed 5,500 people
1964 started construction (highest), 1965 completed (240 MYen) 
1999 stopped (replaced by satellite and advanced radars)

Mt. Fuji Radar
(S-band, JMA-Mitsubishi, 1964)

Height: 3,776 m; Max. range: 800 km



DRAW (C-band, JMA, 2000s-) 



JMA network (C-band, 2000s-)



Radar network for typhoon observations



Transportable X-MPR
(2012-, JAMSTEC-BPPT)

UHF-WPRs, 2007-
JAMSTEC,KU-BPPT,BMKG,LAPAN, 2008-)

CDR (2007-14,
JAMSTEC-BPPT)

JEPP-HARIMAU (Sep 2005 – Mar 2010)
SATREPS-MCCOE  (Feb 2010 - Mar 2014)
YMC (Years of Maritime Continent; 2017-19) 

VHF-EAR (2001-, KU-LAPAN)XDR (2006-14, 
JAMSTEC-BPPT)



Radiosonde stations（22）

Automatic weather stations（361）

BMKG observation 
networks

(as of March 2017)

Surface meteorological observatories （120）

36 C-/4 X-band radars + 1 (2017) + 19 planned



Typhoon as a “mini-earth” with different heating distribution

Tangential wind ⇔ Pressure gradient 
Radial wind ⇔ Surface friction, turbulence /drag

Vertical velocity ⇔ Latent heat by cloud/precipitation 

< 1000 km
～10000 km

cooling

heating

heating

friction

6.3. Conditional instability of second kind (CISK) 
and tropical cyclone



Himawari 8 (July 2015-)  

http://agora.ex.nii.ac.jp/digital-typhoon/animation/wnp/r3/B13/mp4/201513.mp4

Temporal/horizontal resolution:  2.5-10 min, 0.5-1 km

However, still radar observations of rainfall in much higher resolutions are necessary.  

http://www.data.jma.go.jp/fcd/yoho/typhoon/route_map/bstv2015.html
http://www.data.jma.go.jp/fcd/yoho/data/typhoon/T1513.pdf

A supertyphoon T1513 Soudelor

Cloud distribution variations 
relative to the typhoon center 



Geographical 
Distribution 
of Tropical 
Cyclones 

1979-88
(Neumann, 1993) 

1995-2004
(Liu, 2007; 
original by 
Neumann) 

(Max. Wind ≧ 17 m/s



Badai Tropis “Vamei” 
(Dec 2001; 1st case <1,5º lat)

“Borneo vortex” 
(Not tropical storm, but related to torrential rainfalls)

(Chang et al., 2003, GRL)



Badai Tropis “Isobel”
(Dec 2006-Jan 2007)

(Fudeyasu et al., 2008, GRL)



http://dx.doi.org/10.1175/1520-0469(1971)028<0702:DOADOI>2.0.CO;2

6.4. Wave CISK and intraseasonal (Madden Julian) oscillations



Intra-Seasonal Variation 
(Madden-Julian Oscillation) 

and its hierarchical structure

(Madden and Julian, 1972; Madden, 2003)

(Nakazawa, 1985; Lau et al., 1987)
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Localized convection (Super cloud cluster / ISV)

(Nakazawa, 1988)
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Intraseasonal / diurnal variations of convection

Indian Ocean (1º×1º around 95.5E, 0.5S) West Sumatera (1º×1º around 100.5E, 0.5S)

Rainfall in Coastal region Rainfall in Inland region

（
＝

25
0－

TB
B）

Afternoon rain

IntraSeasonal Variations

(Hamada et al., 2008)



(Takayabu et al., 1999, Nature)

SST &
Surface 
Wind

Rain &
Surface 
Wind

IMC
IMC “barrier effect” > 75%  (Zhang & Ling, 2017)



MTSAT  TBB  Hovmoeller
Pontianak
↓

Kototabang
↓

Biak
↓

Malay 
flood

(Yamanaka et al., 2008)

Onset of Monsoon & Rainy Season

Hayashi & Sumi (1985)

WPR tracing of ISV (compared with Aqua-Planet)



Jakarta flood by “cross-equatorial” cold surge

31 16 LT 31 18 LT 31 20 LT 01 00 LT

02 03 LT01 16 LT 01 19 LT 01 20 LT

(Wu et al., 2007)

Jakarta Flood (Jan-Feb 2007)

Vietnam

Malay
Jawa



Matsuno-Gill pattern associated with an ISV 
(MJO) observed during HARIMAU2011 IOP 

L

L
(Recalculated from Gill, 1980)

L

L

Boreal winter monsoon (so-called cold surge) 

Diurnal cycle (clear land after midnight) 

EQ

EQ

EQ

“Hot spot” (aligned  or isolated)



MJO index

http://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/mjo.shtml

http://dx.doi.org/10.1175/1520-0493(2004)132<1917:AARMMI>2.0.CO;2



MJO index: 
Phase 4-5 at the Indonesian maritime continent 

(Wheeler & Hendon, 2004)

The first two empirical 
orthogonal functions 
(EOFs) 

The real-time multivariate MJO 
(RMM) index space indicating 
eastward propagation of MJO

Composites of IS (30-90 
d) anomalies in TRMM 
rain (mm/d) in Nov-Dec 
1998-2012 based on the 
RMM index

(Zhang, 2013)



Six essentials of tropical climatology/meteorology
Strong wind - rotation/vortex balance

Typhoon is 
developed only 
over “sub”tropical
warm ocean..

Wind makes cloud 
in the mid-latitudes, 
whereas cloud 
makes wind in the 
tropics 

Air (momentum) - sea (energy) interaction 

Interannual (ENSO/IOD)  
and  intraseasonal (MJO) 
variability

“Conditional instability” (convection-cloud) paradox

Convection needs 
condensation, 
whereas 
condensation 
needs convection

Water cycle accelerated by warming  

Precipitable water 
is increased with 
temperature.

Radiative “imbalance” compensated by water cycle

Insolation, 
greenhouse effect  
and condensation  
= infrared cooling, 
parasol effect 

Land (solid) - sea (liquid) heat contrast 
Diurnal cycle is basic in 
the tropics, whereas 
annual cycle is basic in 
the extratropics.

No tropical night in the 
tropics. 

Sea wind -river balance



For future: The Earth Bio-Anthroposphere system





Independence of Anthroposphere from Biosphere

 However, seafoods are difficult to be separated from natural ocean.  
 Now 55 % of humans live in cities with homogeneous closed indoor 

environment. 



“Great Journey” (since 100 kyrs ago ）

(Hayes, 2009)

(mrfreebird.webs.com)

“Great Voyages” (15 – 17 C）



(Furukawa, 1990)

Deltas - - - - - - - - - - - River sediment, Sands
Urbanization,  Pollution

Volcanic islands

Non-volcanic islands

Island swamps - - - - - - Offlap mudflat, Peatlands
Plantation, Aridification 

Steep mountains

Gentle mountains

Evaporite plains

Non-evaporite plains

Riau

Kalimantan Tengah

Mekong Delta

Landform classification and coastal lowlands

Jakarta

Megacity/Air pollution



Carbon/heat/water budget changes with peatland forest to plantation

(S. Shiodera, personal comm.)



(Yamashita, 2011)

(Siswanto et al., 2015)

Batavia/Jakarta growing rapidly as a megacity

(Yamashita, 2011)



Intergovernmental Panel for Climate Change (IPCC) Sixth Assessment Report (AR6) (August 2021) 
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/

18 – 19 C “Industrial revolution” Acceleration after 1970s

“hiatus” (slowdown)

13 – 18 C “Little Ice Age” with less solar activity
“Parasol effect” with volcano eruptions

(Agung)



Clausius-Clapeyron relation: 
Warming increases atmospheric water vapor and precipitation 

3℃ warming

20% increase of 
maximum of 
atmospheric 
water vapor

20% increase of 
maximum of 
rainfall



 GHG increase ⇒ warming ⇒ water vapor increase ⇒ more warming
 Warming ⇒ Sea water expansion (+ ice melting) ⇒ Sea level arising

GHG emission SSP1： decreased ; 2: medium;   3: doubled ;   4 & 5 more

Estimated radiative driving force (W/m2) in 2100

Intergovernmental Panel for Climate Change (IPCC) Sixth Assessment Report (AR6) (August 2021) 
https://www.ipcc.ch/report/sixth-assessment-report-working-group-i/



Risk for 
“Hothouse Earth”

(Steffen et al., 2018, PNAS)
http://www.pnas.org/content/115/33/8252

Too large changes must be unreversible. 


