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Numerical modeling of the atmosphere: In retrospect

Lynch, 2008, BAMS

CharneyVon Neumann

ENIAC (Electronic Numerical Integrator and Computer, 1945)

Visitors and some participants in the 1950 ENIAC computations. (left to right) Harry Wexler, John von Neumann, M. H. Frankel, 
Jerome Namias, John Freeman, Ragnar Fjørtoft, Francis Reichelderfer, and Jule Charney. (Provided by MIT Museum.)





ANALYSES FORECASTS

The spatial  and temporal  structure  of  the  sub daily  movement of  convergence zones 
associated  with  onset  of  monsoon 2006  is revealed  based on the  higher  resolution  
NCEP GFS analyses and forecasts  (28- 31 May 2006 )

Poor representation of vertical advection of zonal wind in the middle atmosphere 
leads to misrepresentation of convective processes and thus deteriorates the 
forecast beyond 24 hour

Taraphdar et al. 2009



The organized systems exhibit hierarchical coherence: (i) mesoscale systems consist of families of cumulonimbus; 

(ii)  cumulonimbus and MCS are embedded in synoptic waves; and (iii) the MJO/MISO

is an envelope of cumulonimbus, MCS, and superclusters. 

The upscale effects of convective organization are not represented in traditional climate models.

The mean atmospheric state exerts a strong downscale control on convective

structure, frequency, and variability. Mesoscale convective organization bridges the scale gap assumed in 

traditional  convective parameterization. 

(i) SCM/CRM resolves cumulus, cumulonimbus, mesoscale circulations, but the computational domain is small 

(~100 km) and simulations short (~1 day). 

(ii) Two-dimensional CSRMs in superparameterized global models permit MCS-type organization and mesoscale 

dynamics. 

(iii) High-resolution global numerical prediction models may crudely represent

large MCS (superclusters). (iv) MCS, and other mesoscale dynamical systems,

are absent from traditional climate modelsðorganized convection is not parameterized.

Moncrieff et al, 2012, BAMS Scientific Basis of the study



WCRP Grand Challenge on Clouds, Circulation and Climate Sensitivity

White Paper on WCRP Grand Challenge #4 Sandrine Bony and Bjorn Stevens, Nov, 2012

Limited  understanding  of  clouds is the  major  source of  uncertainty  in 
climate  sensitivity,  but  it  also contributes  substantially  to  persistent  
biases in modelled circulation  systems.
As one of  the  main modulators  of  heating  in the  atmosphere,  clouds 
control  many other  aspects of  the  climate  system

Initiative on coupling clouds to circulation ( Dr.  Siebesma and Frierson )

Tackle the parameterization problem through a better understanding of 
the interaction between cloud / convective processes and circulation 
system
Lessons from  observations  and cloud-resolving  modelling over large  
domains; Interaction  between  diabatic  heating  and large-scale dynamics.

Issues identified as Grand challenge by WCRP: on Cloud and convection 
processes are as follows



Source: https://www.wcrp-climate.org/gc-
clouds-circulation-activities/gc4-clouds-
initiatives/114-gc-clouds-inititative2

Initiative -  towards more 
reliable models
Led by Dr.  Christian Jakob  
(Monash Univ., Australia) & 
Masahiro Watanabe (Tokyo 
Univ., Japan)
Aim: Interpret and reduce model 
errors to gain confidence in 
projections and predictions.
Focus: Long- standing model 
biases (at least a few of 
them); Understand how model 
errors or shortcomings impact 
projections and predictions; 
Gain physical understanding of 
the climate system through 
model development.



Conventional Paradigm



Issues of cumulus Parameterization
The Cumulus Parameterization Problem: Past, Present, and Future
By Akio Arakawa, JOC, 2004, Arakawa et al. 2011, Arakawa and Wu 2013, 
Wu and Arakawa 2014

Å òMajor  practical  and conceptual  problems in the  conventional 
approach of  cumulus parameterization,  includes inappropriate  
separations  of  processes and scalesó.

Kij = effect of cloud j on 
cloud i, 

F i = environmental forcing 
for 

cloud i

MBj = mass flux at base of 
cloud j

To calculate  the  collective  effects  of  an ensemble of  
convective  clouds in a  model column 
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Arakawa, Met. Mono. No.46, 1993





Models Convective precipitation Large-scale precipitation Convective Trigger Convective Closure

Cloud Model Type: Spectral Cloud Ensemble

GFDL-CM3

Relaxed Arakawaς
Schubert scheme of 
Moorthiand Suarez [1992] 
with few modifications in 
physics from Donneret al. 
[2011]

Cloud microphysics of 
Rotstayn [2000] and 
macrophysics from 
Tiedtke [1993], stratiform 
clouds from Golazet al. 
[2011]

Cloud work function 
(CWF) similar to dilute 
cape (DCAPE)

CAPE closure towards a 
threshold over a 
relaxation time scale

GFDL-ESM2G

Relaxed Arakawaς
Schubert scheme of 
Moorthiand Suarez [1992] 
and Dunneet al. [2012 
and 2013]

Same as GFDL-CM3
Cloud work function 
(CWF) similar to DCAPE

CAPE closure towards a 
threshold over a 
relaxation time scale

GFDL-ESM2M Same as GFDL-ESM2G Same as GFDL-CM3
Cloud work function 
(CWF) similar to DCAPE

CAPE closure towards a 
threshold over a 
relaxation time scale

MIROC5

Entraining plume model 
scheme of Chikiraet al. 
[2010] similar to Gregory 
[2001] with some 
modification according 
Pan and Randall [1998]

Prognostic large-scale 
cloud scheme of 
Watanabeet al. [2009] 
and bulk microphysical 
scheme from Wilson and 
Ballard [1999]

CAPE
Prognostic convective 
kinetic energy closure 
similar to CAPE closure

MIROC4h

Prognostic closure 
Arakawa Schubert scheme 
from Pan and Randall 
[1998] and addition of 
relativehumidity-based 
suppression condition by 
Emoriet al. [2001]

Prognostic cloud water 
scheme of Treutand Li 
[1991]

Relative humidity
Prognostic convective 
kinetic energy closure 
similar to CAPE closure

MIROC-ESM Same as MIROC4h

Large-scale condensation 
is diagnosed based on 
Treut& Li (1991) and 
simple cloud microphysics 
scheme

Relative humidity
Prognostic convective 
kinetic energy closure 
similar to CAPE closure

MIROC-ESM-CHEM Same as MIROC4h Same as MIROC-ESM Relative humidity
Prognostic convective 
kinetic energy closure 
similar to CAPE closure

Table 2 Description 
of Convective and 
Large-scale 
parameterization, 
Convective triggers 
and Convective 
closures.
From: Pathak et al. 
2019Precipitation 
Biases in CMIP5 
Models over the 
South Asian Region

https://www.nature.com/articles/s41598-019-45907-4
https://www.nature.com/articles/s41598-019-45907-4
https://www.nature.com/articles/s41598-019-45907-4
https://www.nature.com/articles/s41598-019-45907-4


Common issue in most CMIP model

The tropical atmosphere does not obey 
CQE on temporal scales of day and 
shorter ( Zhang, 2003)

Convective quasi-equilibrium (CQE) 
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Convective quasi-equilibrium in CFSv2 models 

 

Siddharth  et al. GRL, 2022



Both the model produces shallow convection throughout the day consistent with 

too much of lighter precipitation

Scatter plot 
of OLR vs 
rainrate

Ganai et al. 2015



Model has the tendency to remain in wet state

Transition probability  

Transition probabilities 

Rainy: if rain >2.5 
mm/day

Rainfall is modelled as discrete time Markov chain 
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Courtesy: Siddharth  et al . 2022, GRL



Annual mean precipitation 
rate (mm dayҍм). Data from 
the Global Precipitation
Climatology Project (GPCP) 
Version 2.3 (Adler et al., 
2003) are used as a 
reference.

Bock, L., Lauer, A., Schlund, M., Barreiro, M., Bellouin, N., Jones, C., et al. (2020). Quantifying progress across different CMIP 
phases with the ESMValTool. Journal of Geophysical Research: Atmospheres, 125, e2019JD032321. 
https://doi.org/10.1029/2019JD032321



Mukhopadhyay et al. 2010, WAF
System used: NIMBUS Cluster

Time Latitude Hovmöller  diagram 
of rainfall in JJAS 2001 ð

2007 over Indian Region from 
Observation, BMJ, KF and 
GRELL averaged between 
700Eð900E, hor. Res. 15km 

with WRF











Goswami et al. 2006

Rajeevan et al. 2006

Roxy et al. 2017

(a) Temporal variation of 
frequency of very heavy 
rainfall events (R  150 
mm/day) over central 
India (thin
solid line) and its 
smoothed variation (thick 
solid line) for the period 
1901ς2004. (b) Smoothed 
variation of frequency of
very heavy rainfall events 
over central India and SST 
anomalies over the 
Equatorial Indian Ocean. 
The smoothing has been
done to remove the sub-
decadal fluctuations using 
a 13-point filter [IPCC, 
2007].









Courtesy: Dr. Umasankar, IMD



(A) Average precipitation rate (mmh-1) for 
medium-size precipitation systems (an area-
equivalent diameter 10ς100km) and (B) 
zoomed-in view of (A) along the Western 
Ghats and adjoining region.

Chapter 1: Mahakur, Shige, Hirose



Rainfall (mm/day) time series over Kerala during 06-19Aug, 2018 (Mukhopadhyay et al. 2021, WAF)

GFS version 14

ECMWF

NCUM



GEFS

ECMWF

NEPS

August 2018

Forecast lead time diagram of the 
probability (%) from (a)ς(c) GEFS, 
(d)ς(f) ECMWF, and (g)ς(i) NCUM 
forecasts for the daily accumulated 
rain over Kerala (9.58ς11.58N, 768ς
77.58E) exceeding the observed 
daily climatology (left) plus one 
standard deviation (SD), (center) 
two SD, and (right) three SD. The 
thick blue line represents the IMD-
GPM rainfall (cm day-1 ) averaged 
for the same region for the period 
6ς19 Aug 2018. The shading 
represents probability.

Mukhopadhyay et al. 2021, WAF



Observation, numerical models and AI models intercomparison
Forecastnet -NVIDIA, GraphCast-Google

Forecast initiated at 00 hours 
of Aug 6. (accumulated rain 
from Aug 7 to Aug 11)

Day 1 and day 2 forecast from 
Forecastnet model (accumulated 
rain from Aug 7 to Aug 11)

Day 1 and day 2 forecast from 
GraphCast model (accumulated 
rain from Aug 7 to Aug 11)

Courtesy: Manmeet singh, Siddharth kumar et al.



To do list: extreme prediction

ÅLocation (Where the convection would trigger)

ÅTime (When the convection would trigger)

ÅIntensity (Strength of the multi -scale 
convection/precipitation efficiency)



The simulation  of  associated  cloud optical  parameters  is also poor at  all lead 
times  in different  parts  of  India . The model also fails  to  capture  the  
observed  relationship  between  the  frequency  of  extreme  precipitation  and 
deep convective  clouds without  showing any correlation  between  them  at  all 
lead times .





Rainfall

Sequence of IITM HGFM Development (gmd-2024 -89)

Link for a film on the development of the model https://youtu.be/dxacESa28bY  

https://youtu.be/dxacESa28bY


Comparison of Relative humidity (%, bias in shaded) vs rain rate (mm/day) over ISM region 

(60o E-100o E, 10o S-30o N) during JJAS-2022 from ERA-5 and IMERG (a) with GFS 

T1534 (b) and HGFM (c) during JJAS 2022 for day-1 day-3 and day-5 lead time



Composite of vertical profile of relative humidity (%, shaded) with respect to precipitation
for MISO events for (a) Observation; (b) T62; (c) T126, and (d) T382

Tirkey et al. 2019



On the left, tropical rainbelt in ICON-C4 (a) and IFS_F-C4 
(b) averaged over 2021 to 2025. The tropical rainbelt 
from IMERG
(Huffman et al., 2019) averaged over 2001 to 2020 is 
outlined by black contour lines. On the right, zonal 
mean precipitation corresponding to the rainbelts on 
the left averaged over the western Pacific (c).

Segura et al. 2025 https://doi.org/10.5194/egusphere-2025-509



Tropical rainbelt averaged over 2022 to 2024, 
JJAS season. 

Zonal mean precipitation 
corresponding to the 

rainbelts averaged over the 
western Pacific (150E-180E) 
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