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Figure 1. Schematic illustration of the DYNAMO field campaign, showing the locations of the 
scanning radars (dots with dashed circles for 150-km ranges), other major radiosonde sites 
(stars), and ocean buoys (yellow symbols). The black box indicates the region for which high-
resolution surface winds and simulations would be produced. Image courtesy of Chidong Zhang.  
 
 Using the DYNAMO dataset for assimilation and analysis in support of this work is ideal 
because the MJO is a critical component of the tropical atmosphere, and for CYGNSS to realize 
its full potential it must help improve understanding of the MJO. In addition, DYNAMO 
represents the best available in situ dataset for surface winds, moisture, and precipitation over the 
tropical ocean, and the proposed work will synergistically leverage ongoing DYNAMO-related 
data analysis and modeling efforts within the broader community, while also providing added 
value that will assist those other efforts. The proposed work is viewed as complementary to other 
possible approaches, such as synthetic CYGNSS data assimilation within a coarse-resolution 
global modeling framework. The proposed work will focus on three scientific objectives, all of 
which have direct relevance to supporting the planned CYGNSS mission, improving scientific 
understanding of the MJO, and addressing NASA Earth Science goals.  
 
1.2.1 Objective 1 - DYNAMO surface wind dataset synthesis 
 Produce a high-resolution surface wind dataset for multiple MJO onsets using WRF-
assimilated winds and other data from DYNAMO.  
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One of the most distinctive signals of 
the Madden-Julian Oscillation (MJO) 
is the upscale development and 
organization of convection in the 
Indian Ocean. 
 
Dynamics of the MJO (DYNAMO) 
campaign occurred in late 2011 – 
early 2012 to investigate this genesis 
stage. One of the best non-satellite 
wind datasets ever obtained over the 
ocean.  

The Cyclone Global Navigation Satellite System (CYGNSS) 
mission can exploit this dataset to better understand the 
performance of the satellite constellation in regions of deep 
convection, in particular for characterizing the MJO. 

Three Scientific Objectives 
 
1.  Produce a high-resolution surface wind dataset for multiple MJO 

onsets using WRF-assimilated winds and other data from 
DYNAMO.  

2.  Use the DYNAMO datasets, along with available scatterometer 
observations, to study the causes and impacts of wind variability 
at spatial and temporal scales finer than those planned to be 
provided by CYGNSS, and the implications of these processes for 
CYGNSS observations.  

3.  Using a simulated CYGNSS dataset for the MJO, perform 
observing system simulation experiments to determine the 
benefits of CYGNSS for improving scientific understanding and 
forecasting of the MJO, particularly its genesis over the Indian 
Ocean.  

WRF Model Simulation and  
Assimilation of DYNAMO Data  

WRF model 
domain setup 

A B 

WRF model  
•  Advanced Research WRF v3.5.1    

•  A: 3-km resolution DYNAMO domain  

•  B: 1-km high-resolution smaller domain 

•  40 sigma levels (more levels in lower 

troposphere) 

•  Separate runs for domains A and B 

•  Mesoscale features for MJO events 

Solve for Cost Function: 
 
 
 
Background Error Matrix: NMC Method 

 
 

 
Assimilation Plan:  
•  Cycled assimilation of available sounding, 

dropsonde, surface, buoy, radar, lidar, 
scatterometer data into both domains using WRF 
3DVAR 

 
Progress: 
•  Conducting WRF runs for B matrix generation 
•  Processing the observational data and prepare for 

assimilation 
 

WRF 3DVAR 
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WRF Simulation on 3-km grid (2011-11-24) 

Focusing on roughly last 
two weeks of each 
DYNAMO month: 
1. November 2011 
2. October 2011 
3. December 2011 

Will produce hi-res wind 
maps for each of these 
periods, at least 3-km 
resolution, 0.5-1 h time 
steps 
 
Use these maps to study 
wind variability at time 
and spatial scales 
smaller than CYGNSS 
can provide 
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DYNAMO Radars 
 
NASA TOGA (Revelle) 
Mirai C-band 
SMART-R (Gan) 
NCAR S-PolKa (Gan) 
 
Assimilate radial velocity 
into WRF, will also test 
reflectivity 
 
Most QC done, working 
with CSU and Texas 
A&M to de-alias the 
TOGA and SMART-R  
velocities, and also fix 
some azimuthal errors 
with TOGA 

TOGA 

S-PolKa 11/24/11, 1035 UTC 

Other DYNAMO datasets 
 
•  Radiosondes 
•  Dropsondes (P-3) 
•  Surface/buoy/ship-based 

meteorological observations 

Straightforward assimilation 
process for WRF 3DVAR 
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Characteristics of MJOs Deduced from CINDY/DYNAMO/AMIE Sounding Data 
Richard H. Johnson and Paul E. Ciesielski 

Department of Atmospheric Science, Colorado State University, Fort Collins, CO 
. 

INTRODUCTION 

! Overview: preliminary analyses of observations from the 
two CINDY/DYNAMO/AMIE sounding quadrilaterals north 
and south of the equator for the period 1 October – 15 
December 2011 (Special Observing Period or SOP) 

! Focus: mean vertical structure of wind, thermodynamics, 
divergence/vertical motion, and inferred properties of 
cloud populations (Johnson and Ciesielski 2013) 

MJO PASSAGE ACROSS SOUNDING ARRAYS 

BASIC FIELDS, NORTHERN AND SOUTHERN ARRAYS 

DIVERGENCE AND VERTICAL MOTION MEAN PROFILES OF Q1 AND Q2 

SUMMARY OF FINDINGS 

REFERENCES 

DYNAMO/CINDY/AMIE sounding network for the period October-December 2011 

TRMM 3B42 precipitation (mm day-1) and ECMWF 
operational analysis surface streamlines 

"  SOP was characterized 
by two east-west 
precipitation bands 
north and south of the 
equator within surface 
streamline troughs 

"  Nearly equal rainfall 
amounts fell over the 
northern and southern 
arrays during SOP: 7.8 
and 8.0 mm day-1, 
respectively 

The sounding arrays sampled two prominent MJO events, one in 
October and one in November 

"  MJOs consisted of 
eastward- and westward-
moving disturbances 

"  Diurnal cycle was 
evident over longitudes 
of Sumatra and Borneo 
(100-120°E) 

"  Two-day disturbances 
occurred over sounding 
arrays with passage of 
October MJO 

"  Two prominent Kelvin 
waves occurred with 
November MJO 

"  ECMWF vertical motion 
agrees well with 
precipitation 

Time-longitude plot of TRMM 3B42 
precipitation (mm day-1) and ECMWF 500-hPa 

vertical motion (hPa h-1) 

DYNAMO/CINDY/AMIE SOUNDING NETWORK 

"  Latitudinal extent of 
northern and southern 
sounding arrays denoted 

"  Northern array 
experienced strong MJO 
precipitation signal 

"  Southern sounding array 
had more frequent 
periods of precipitation 

"  Two distinct, poleward-
moving rainfall maxima 
associated with 
November MJO 

Time-latitude plot of TRMM 3B42 precipitation 
(mm day-1) 

Northern sounding array experienced a stronger MJO signal than 
southern array during the months of October and November 

"  Prominent dry periods at 
midlevels in early-to-mid 
October and November; low-
to-midtroposphere moistening 
during latter 2-3 weeks of 
October/November 

"  Strengthening of low-level 
westerlies/upper-level 
easterlies during MJO active 
phases 

"  Near-tropopause descent of 
upper-level easterlies, 
moisture and temperature 
anomalies with MJO passage 

"  2-day rainfall periodicity with 
October MJO; 4-5 day 
periodicity in November 

(from top to bottom) Northern sounding 
array relative humidity (%; with respect to 

ice for T < 0°), zonal wind (m/s), 
temperature anomaly (°C), and daily-

averaged TRMM 3B42 rainfall (mm/day). 
RMM index phases are shown at bottom.  

Shaded bars refer to times when  R/V 
Revelle was off station. 

As in previous figure, except for 
southern sounding array..  Dark (light) 
shaded bars refer to times when R/V 
Mirai (R/V Revelle) was off station. 

"  MJO signal still present, 
but weaker in moisture 
field, rainfall 

"  More frequent periods of 
midlevel moistening; 
shorter duration of midlevel 
moistening during active 
phases of MJOs 

"  Tilted, upper-level wind 
and thermodynamic 
features also observed in 
upper troposphere/lower 
stratosphere 

MJO PASSAGE ACROSS SOUNDING ARRAYS (cont.) 
Divergence and vertical motion over northern array also exhibited 
more distinct MJO signal than southern array 

"  Two prominent periods of 
low-level convergence, 
upper-level divergence, 
upward motion associated 
with October/November 
MJOs 

"  October MJO experienced 
~2-week period of 
deepening low-level 
convergence, rising peaks 
in upper-level divergence 

"  Two sharp upward motion 
maxima associated with 
November MJO Kelvin 
waves 

"  Upper-level divergence 
peaks descend following 
peak rainfall 

Time series of (top) TRMM 3B42 rainfall, 
(middle) uncorrected divergence (10-6 s-1), 
and (bottom) vertical motion (hPa h-1) for 
northern sounding array.  Color bars at 
bottom refer to phases of RMM index.  

Vertical shaded bars refer to times when    
R/V Revelle was off station. 

"  October/November MJOs 
still evident, but less 
prominent, particularly 
October event 

"  More frequent episodes of 
rainfall, upward motion 

"  Note extended periods 
when sounding 
quadrilateral collapsed to 
a triangle As in previous figure, but for southern 

sounding array. Dark (light) vertical shaded 
bars refer to times when R/V Mirai (R/V 

Revelle) was off station. 

TROPOPAUSE VARIABILITY 

"  Warm/cold 
anomalies descend 
with time during 
MJO active phase 

"  Feature attributed by 
Kiladis et al. (2001) 
to gravity wave 
response to 
aggregate MJO 
convective heating 

"  Leads to descent of 
cold-point 
tropopause, then 
reestablishment at 
upper levels 

(top to bottom) Temperature profiles, 
temperature anomalies, and rainfall at Gan 

Island for period 19 November – 5 December 

Although work is still underway to correct for humidity biases in 
the soundings, as well as flow-blocking effects by Sri Lanka on 
the Colombo soundings, preliminary computations have been 
made of the apparent heat source Q1 and moisture sink Q2  

"  Less separation of 
peaks in northern 
array than to the south 

"  Suggests greater 
stratiform rain fraction 
in northern array 

"  Consistent with Lin et 
al. (2004) who found 
MJO has larger 
stratiform rain fraction 
than annual mean 

"  Result yet to be 
corroborated with 
radar data 

October/November-mean profiles of apparent 
heat source (Q1) and apparent moisture sink 

(Q2) for northern and southern sounding arrays. 
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Schematic depiction of passage of two MJOs over northern sounding 
array in October and November 2011.  Green (brown) shading denotes 
areas of relative humidity > 80% (< 40%), respectively.  Arrows denote 
locations of zonal wind and vertical motion maxima.  Cool and warm 
anomalies are shown.  At upper levels, these anomalies have a tilted 

structure as do the easterly wind maxima.  The 0°C level and cold-point 
tropopause level are indicated.  TRMM 3B42 daily-averaged rainfall over 

the northern sounding array is shown at the bottom 

•  Johnson, R. H., and P. E. Ciesielski, 2013:  Structure and 
properties of Madden-Julian Oscillations deduced from 
DYNAMO sounding arrays. J. Atmos. Sci. (submitted) 

•  Kiladis, G. N., K. H. Straub, G. C. Reid, and K. S. Gage, 
2001:  Aspects of interannual and intraseasonal variability 
of the tropopause and lower stratosphere. Quart. J. Roy. 
Meteor. Soc., 127, 1961-1983. 

•  Lin, J., B. E. Mapes, M Zhang, and M. Newman, 2004: 
Stratiform precipitation, vertical heating profiles, and the 
Madden-Julian Oscillation. J. Atmos. Sci., 61, 296-309. 
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Pronounced modulation of temperature structure near tropopause 
during passage of MJO 

NOVEMBER MJO 

NORTHERN ARRAY 

SOUTHERN ARRAY 

NORTHERN ARRAY 

SOUTHERN ARRAY 

SOUTHERN 
ARRAY 

NORTHERN 
ARRAY 

Johnson and Ciesielski (2012) 

NOAA 

Djamal Khelif 

ASCAT 
11/24/11 
0336 UTC 

OSCAT 
11/19/11 
1802 UTC 

Scatterometer Vector Winds during DYNAMO 
 
Assimilate when available, but also produce test 
dataset without these inputs but with rest of 
DYNAMO observations 

NOAA High-Resolution Doppler Lidar (HRDL) 

•  On Revelle for Cruises 1-3 (1 September - 6 December 2011) 
•  Produced both vertical profiles (incl. ~15 m winds) and 

horizontally resolved data 
•  Test assimilation into WRF – try both polar-coordinate data and 

vertical profiles 
 

9/1/11 
0505 UTC 

De-alias SMART-R/TOGA velocities and correct occasional TOGA 
azimuthal errors, Prep other DYNAMO data for assimilation 
 
Update WRF 3DVAR framework as needed to handle DYNAMO 
datastream, Test various assimilation schemes, determine which will 
be most useful, and execute 
 
NOAA to begin HRDL/scatterometer comparison 
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 The first step in this Objective is to make a background run with no data assimilated into the 
WRF model. This run will serve as the background field for all the 3DVAR data assimilation 
experiments. The background run will be validated with the CYGNSS nature run to evaluate the 
skill of the mesoscale model for MJO prediction. If the CYGNSS nature run actually 
encompasses the DYNAMO time period, DYNAMO observations will be a good resource to 
gauge the ability of the CYGNSS nature run and the WRF background run to represent typically 
observed processes during MJO onset.  
 Next, a new package in WRF 3DVAR will be built for CYGNSS data via modification of the 
current framework for assimilating QuikSCAT observations. The observational forward operator 
for CYGNSS data in WRF 3DVAR, along with its tangent linear and adjoint code, will be 
developed during this process. The minimization procedure will be kept the same as other types 
of observational data. This newly developed procedure will be tested to estimate its stability, 
noise level, and convergence rate. Tests then will be done to examine the necessary constraints 
on the assimilation of the CYGNSS-estimated surface wind speeds. 
 
Table 1. Proposed sample OSSE experiments under Objective 3. 

Experiment Data Assimilation 
Focus  

Model Domain Horizontal 
Resolution 

Background N/A 2- or 3-level nested 
domains  

12-km, 4-km (also 
possibly 1.333-km)  

CYG CYGNSS data 2-level nested 
domains  

12-km, 4-km  

CYG_NoRain CYGNSS data in 
heavy rain areas 
eliminated 

2-level nested 
domains  

12-km, 4-km  

CYG_OBS CYGNSS data, basic 
multi-platform obs 

2-level nested 
domains  

12-km, 4-km  

OBS Basic multi-platform 
obs 

2-level nested 
domains  

12-km, 4-km  

OBS_DYN Enhanced obs from 
DYNAMO-style 
instrument array 

2- or 3-level nested 
domains  

12-km, 4-km (also 
possibly 1.333-km)  

CYG_HiRes Higher-resolution, 
less accurate 
CYGNSS data 

2- or 3-level nested 
domains  

12-km, 4-km (also 
possibly 1.333-km)  

Obs_Err Sensitivity exp with 
different observation 
error setup 

2-level nested 
domains  

12-km, 4-km   

BG_Err Sensitivity exp with 
different  background  
error setup 

2-level nested 
domains  

12-km, 4-km   

 
  Table 1 lists some sample OSSEs that would be performed under this objective. The 4-km 
domain would be similar to the DYNAMO surface wind analyses (the box in Fig. 1). The 
simulations would focus mainly on the initiation phase of the MJO, where improved wind data 

Long-term goal: 
Observing System 
Simulation Experiments 
(OSSEs) to discover how 
best to assimilate 
CYGNSS data into a 
limited-domain forecast 
model 

•  Our goal is to produce the best possible surface wind 
dataset for the core DYNAMO region, during MJO onset 
periods in late 2011 

•  These wind maps will be ingested into the CYGNSS 
observational operator to produce simulated CYGNSS 
observations for DYNAMO 

•  This will provide an excellent core dataset for 
understanding how CYGNSS can improve our 
understanding of convective inflow/outflow structures, 
wind/precipitation feedbacks, and the initiation and 
development of the MJO  


