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GMAO COUPLED DATA ASSIMILATION PLAN:
INTEGRATED EARTH SYSTEM ANALYSIS (IESA)

Coupling: 
Cross-
component 
observational 
feedback
in 
analysis/
forecast 
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Target

Atmosphere, Ozone

MerraAero,
MerraOcean,
MerraLand,
MerraChem

Atmosphere, Ozone,
Aerosols

Merra2Ocean,
Merra2Chem

Atmosphere, Ozone,
Aerosols,
Ocean (& sea-ice),
Land,
Chemistry

Continental Shelves,
Ice Shelves,
. . .
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Background fields—  AOGCM 
Weakly coupled analysis: separate atmosphere & ocean analyses                   
(for e.g., separate B & H operators)
Strongly coupled analysis: single analysis, with B & H that are                  
horizontally and vertically, fully-correlated
➡ an ob at ocean bottom can produce an increment in stratosphere!  

Why opt for weak coupling? 
• Latency of ocean obs
• Slower time-scale of (deep) ocean
• Direct assimilation of satellite radiance observations requires   

surface-ocean; not so much the deep ocean

ATMOSPHERE-OCEAN CDA 

http://gmao.gsfc.nasa.gov
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GMAO WEAKLY COUPLED AO-CDA (PLAN)

Coupling AGCM A-ANA OGCM O-ANA

None
Prescribed 

ocean-surface  
No analysis for 

skin SST
No diurnal  cycle •Prescribed atmosphere

•Exclude diurnal obs

Semi- Prognostic ocean-surface Analysis for     
skin SST as above as above

Weak Prognostic ocean-surface   
above analyzed ocean as above • Resolve diurnal cycle

• Include run-off
•Analyzed atmosphere
•Include diurnal obs
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Near-surface Temperature  

is actually T(z); T(z~0)      Skin SST

• changes with z

• depends on the atmospheric conditions         

Infrared Zob ~0

Microwave Zob ~O(mm)

in situ Zob ~O(cm)- O(m)

BACKGROUND: SST VARIABILITY 
(THERMAL STRATIFICATION)

Diurnal warming events of western equatorial Pacific warm pool 1067 

Diurnal heating in the COARE domain at different wind speed conditions 
I , I I I I 

6- 

E8 
5 
g-10- 
n 

12- 

14- 

16- 

18- 
A 
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(shifted -0.5%) 

B: 10 profiles during 2.5-m/s wind speed 

C: 5 profiles during calm weather 
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Fig. 5. Vertical temperature profiles in near-surface layer of the ocean in the TOGA COARE 
domain obtained by free-rising profiler at different wind speeds in the afternoon. 

In Fig. lOa, the surface temperature calculated using the transilient model is compared 
with the bucket-thermometer and dry air temperature data. The SST calculated using the 
cool-skin model, including the solar radiation absorption in the upper millimeters of the 
ocean (Soloviev and Schluessel, 1996) is also shown. According to Fig. lOa, the daily 
variation in temperature in the atmosphere is even larger than it is in the ocean. Hoeber 
(1969) previously observed a similar effect in the equatorial region. It occurs because the 
moist equatorial atmosphere absorbs solar radiation directly during the daytime and is 
again cooled during the nighttime (see discussion in Kraus and Businger, 1994, p. 170). 

Also remarkable is the diurnal variation of the relative humidity (Fig. lob). It decreases 
with the diurnal SST increase, thus enhancing the latent heat flux. This is a manifestation of 
the negative feedback mechanism stabilizing the SST (Greenhut, 1978; Gautier, 1978; 
Lukas, 1990a; Kraus and Businger, 1994). 

4.4. Salinity effects 

Salinity effects may substantially modify diurnal heating of the near-surface layer in the 
western equatorial Pacific warm pool. Freshwater influx due to precipitation influences the 
diurnal cycle by trapping heat near the surface. This has been demonstrated recently by 
modeling of the diurnal cycle with and without rain effects and comparison with TOGA 
COARE mooring time series data (Anderson et al., 1996). Note the salinity depression on 3 

Soloviev & Lukas (1997)
Deep Sea Res. Vol 1A B C

A. ~7m/s wind speed

B. ~2.5 m/s 

C. “calm”

⇡
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BACKGROUND: SST VARIABILITY 
(DIURNAL)

1200 AUGUST 2007|

This is important for operational systems [e.g., 
National Meteorological Services (NMS)], where 
even small code changes in an operational system 
are expensive.

GHRSST-PP PRODUCTS AND SERVICES. 
Following these principles, GHRSST-PP provides two 
types of near-real-time SST products [level-2 prepro-
cessing and level-4 (L4) analysis products] supported 

WHAT EXACTLY IS THE SEA SURFACE TEMPERATURE?

SST is a difficult parameter to define 
exactly because the upper ocean 

(~10 m) has a complex and variable 
vertical temperature structure that is 
related to ocean turbulence and the 
air–sea fluxes of heat, moisture, and 
momentum. A theoretical framework 
is required to understand the informa-
tion content and relationships between 
measurements of SST made by differ-
ent satellite and in situ instruments, 
especially if these are to be merged 
together. The definitions of SST devel-
oped by the GHRSST-PP SST science 
team achieve the closest possible 
coincidence between what is defined 
and what can be measured operationally, 
bearing in mind the current scientific 
knowledge and understanding of how 
the near-surface thermal structure of 
the ocean behaves in nature (Fig. SB1).

The hypothetical vertical profiles of 
temperature in low wind speed condi-
tions during the night and day shown 
in the figure encapsulate the effects of 
the dominant heat transport processes 
and time scales of variability associ-
ated with distinct vertical and volume 
regimes (horizontal and temporal 
variability is implicitly assumed). At the 
exact air–sea interface a hypothetical 
temperature called the interface tem-

perature (SSTint) is defined, although 
this is of no practical use because it 
cannot be measured using current 
technology. The skin temperature 
(SSTskin) is defined as the temperature 
measured by an infrared radiometer 
typically operating at wavelengths of 
3.7–12 μm (chosen for consistency 
with the majority of infrared satellite 
measurements), which represent the 
temperature within the conductive 
diffusion-dominated sublayer at a depth 
of ~10–20 μm. SSTskin measurements 
are subject to a large potential diurnal 
cycle, including cool-skin-layer effects 
(especially at night under clear skies and 
low wind speed conditions) and warm-
layer effects in the daytime. The subskin 
temperature (SSTsubskin) represents 
the temperature at the base of a con-
ductive laminar sublayer of the ocean 
surface. For practical purposes, SSTsub-
skin can be well approximated to the 
measurement of surface temperature 
by a microwave radiometer operating 
in the 6–11-GHz frequency range, but 
the relationship is neither direct nor 
invariant to changing physical condi-
tions or to the specific geometry of the 
microwave measurements. All measure-
ments of water temperature beneath 
the SSTsubskin are referred to as 

depth temperatures (SSTdepth), which 
are measured using a wide variety of 
platforms and sensors, such as drifting 
buoys, vertical profiling floats, or deep 
thermistor chains at depths ranging 
from 10–2 to 103 m. These temperature 
observations are distinct from those 
obtained using remote sensing tech-
niques (SSTskin and SSTsubskin) and 
must be qualified by a measurement 
depth in meters [e.g., or SST(z), e.g., 
SST5m]. The foundation SST (SSTfnd) 
is defined as the temperature of the 
water column free of diurnal tempera-
ture variability (daytime warming or 
nocturnal cooling) and is considered 
equivalent to the SSTsubskin in the 
absence of any diurnal signal. It is named 
to indicate that it is the foundation tem-
perature from which the growth of the 
diurnal thermocline develops each day 
(noting that on some occasions with 
a deep mixed layer there is no clear 
SSTfnd profile in the surface layer). 
Only in situ contact thermometry is 
able to measure SSTfnd, and analysis 
procedures must be used to estimate 
the SSTfnd from radiometric satellite 
measurements of SSTskin and SSTsub-
skin. SSTfnd provides a connection 
with the historical concept of a “bulk” 
SST considered representative of the 
oceanic mixed layer temperature and 
represented by any SSTdepth measure-
ment within the upper ocean over 
a depth range of 1–20+ m. SSTfnd 
provides a more precise, well-defined 
quantity than the previous loosely 
defined bulk SST and consequently, 
a better representation of the mixed 
layer temperature. In general, SSTfnd 
will be similar to a nighttime minimum 
or predawn value at depths of ~1–5 m, 
but some differences could exist. Note 
that SSTfnd does not imply a constant 
depth mixed layer, but rather a surface 
layer of variable depth (depending on 
the balance between stratification and 
turbulent energy) that is expected to 
change slowly over the course of a day.

1200 AUGUST 2007|
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SKIN SST (TS) IN GEOS ADAS
Ts  set based on SSTfnd (OSTIA SST)

Net Heat Flux at surface: diagnostic 

Current
Status

Development Sub-system Implements Provides Relevance

Prognostic 
Model for Ts AGCM Ts = SSTfnd + Diurnal 

Warming - Cool Skin
Diurnal variability & 
thermal stratification

Similar to the 
ECMWF- IFS

Ts Analysis Atmos 
Analysis

Analysis of IR radiances 
(AVHRR addition) Fit to observations Shared with NCEP,  

using CRTM

Ts Analysis 
Increment AGCM Analysis Feedback

Coupling of near-
surface ocean 

temperature to 
atmosphere

*Direct Radiance 
Assimilation       

for SST
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TS MODEL
SkinSST ⇡ T (z = 0)

T (z) = SSTfnd +�Tw(z)��T c(z)

OSTIA SST

�T
w
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w
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Prognostic model

Diagnostic 

�  z  d• Diurnal warming:    
• Cool skin layer: 0  z  �
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This is important for operational systems [e.g., 
National Meteorological Services (NMS)], where 
even small code changes in an operational system 
are expensive.

GHRSST-PP PRODUCTS AND SERVICES. 
Following these principles, GHRSST-PP provides two 
types of near-real-time SST products [level-2 prepro-
cessing and level-4 (L4) analysis products] supported 

WHAT EXACTLY IS THE SEA SURFACE TEMPERATURE?

SST is a difficult parameter to define 
exactly because the upper ocean 

(~10 m) has a complex and variable 
vertical temperature structure that is 
related to ocean turbulence and the 
air–sea fluxes of heat, moisture, and 
momentum. A theoretical framework 
is required to understand the informa-
tion content and relationships between 
measurements of SST made by differ-
ent satellite and in situ instruments, 
especially if these are to be merged 
together. The definitions of SST devel-
oped by the GHRSST-PP SST science 
team achieve the closest possible 
coincidence between what is defined 
and what can be measured operationally, 
bearing in mind the current scientific 
knowledge and understanding of how 
the near-surface thermal structure of 
the ocean behaves in nature (Fig. SB1).

The hypothetical vertical profiles of 
temperature in low wind speed condi-
tions during the night and day shown 
in the figure encapsulate the effects of 
the dominant heat transport processes 
and time scales of variability associ-
ated with distinct vertical and volume 
regimes (horizontal and temporal 
variability is implicitly assumed). At the 
exact air–sea interface a hypothetical 
temperature called the interface tem-

perature (SSTint) is defined, although 
this is of no practical use because it 
cannot be measured using current 
technology. The skin temperature 
(SSTskin) is defined as the temperature 
measured by an infrared radiometer 
typically operating at wavelengths of 
3.7–12 μm (chosen for consistency 
with the majority of infrared satellite 
measurements), which represent the 
temperature within the conductive 
diffusion-dominated sublayer at a depth 
of ~10–20 μm. SSTskin measurements 
are subject to a large potential diurnal 
cycle, including cool-skin-layer effects 
(especially at night under clear skies and 
low wind speed conditions) and warm-
layer effects in the daytime. The subskin 
temperature (SSTsubskin) represents 
the temperature at the base of a con-
ductive laminar sublayer of the ocean 
surface. For practical purposes, SSTsub-
skin can be well approximated to the 
measurement of surface temperature 
by a microwave radiometer operating 
in the 6–11-GHz frequency range, but 
the relationship is neither direct nor 
invariant to changing physical condi-
tions or to the specific geometry of the 
microwave measurements. All measure-
ments of water temperature beneath 
the SSTsubskin are referred to as 

depth temperatures (SSTdepth), which 
are measured using a wide variety of 
platforms and sensors, such as drifting 
buoys, vertical profiling floats, or deep 
thermistor chains at depths ranging 
from 10–2 to 103 m. These temperature 
observations are distinct from those 
obtained using remote sensing tech-
niques (SSTskin and SSTsubskin) and 
must be qualified by a measurement 
depth in meters [e.g., or SST(z), e.g., 
SST5m]. The foundation SST (SSTfnd) 
is defined as the temperature of the 
water column free of diurnal tempera-
ture variability (daytime warming or 
nocturnal cooling) and is considered 
equivalent to the SSTsubskin in the 
absence of any diurnal signal. It is named 
to indicate that it is the foundation tem-
perature from which the growth of the 
diurnal thermocline develops each day 
(noting that on some occasions with 
a deep mixed layer there is no clear 
SSTfnd profile in the surface layer). 
Only in situ contact thermometry is 
able to measure SSTfnd, and analysis 
procedures must be used to estimate 
the SSTfnd from radiometric satellite 
measurements of SSTskin and SSTsub-
skin. SSTfnd provides a connection 
with the historical concept of a “bulk” 
SST considered representative of the 
oceanic mixed layer temperature and 
represented by any SSTdepth measure-
ment within the upper ocean over 
a depth range of 1–20+ m. SSTfnd 
provides a more precise, well-defined 
quantity than the previous loosely 
defined bulk SST and consequently, 
a better representation of the mixed 
layer temperature. In general, SSTfnd 
will be similar to a nighttime minimum 
or predawn value at depths of ~1–5 m, 
but some differences could exist. Note 
that SSTfnd does not imply a constant 
depth mixed layer, but rather a surface 
layer of variable depth (depending on 
the balance between stratification and 
turbulent energy) that is expected to 
change slowly over the course of a day.
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TS MODEL (DETAILS)

�  z  d• Diurnal warming:    
• Cool skin layer: 0  z  �
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This is important for operational systems [e.g., 
National Meteorological Services (NMS)], where 
even small code changes in an operational system 
are expensive.

GHRSST-PP PRODUCTS AND SERVICES. 
Following these principles, GHRSST-PP provides two 
types of near-real-time SST products [level-2 prepro-
cessing and level-4 (L4) analysis products] supported 

WHAT EXACTLY IS THE SEA SURFACE TEMPERATURE?

SST is a difficult parameter to define 
exactly because the upper ocean 

(~10 m) has a complex and variable 
vertical temperature structure that is 
related to ocean turbulence and the 
air–sea fluxes of heat, moisture, and 
momentum. A theoretical framework 
is required to understand the informa-
tion content and relationships between 
measurements of SST made by differ-
ent satellite and in situ instruments, 
especially if these are to be merged 
together. The definitions of SST devel-
oped by the GHRSST-PP SST science 
team achieve the closest possible 
coincidence between what is defined 
and what can be measured operationally, 
bearing in mind the current scientific 
knowledge and understanding of how 
the near-surface thermal structure of 
the ocean behaves in nature (Fig. SB1).

The hypothetical vertical profiles of 
temperature in low wind speed condi-
tions during the night and day shown 
in the figure encapsulate the effects of 
the dominant heat transport processes 
and time scales of variability associ-
ated with distinct vertical and volume 
regimes (horizontal and temporal 
variability is implicitly assumed). At the 
exact air–sea interface a hypothetical 
temperature called the interface tem-

perature (SSTint) is defined, although 
this is of no practical use because it 
cannot be measured using current 
technology. The skin temperature 
(SSTskin) is defined as the temperature 
measured by an infrared radiometer 
typically operating at wavelengths of 
3.7–12 μm (chosen for consistency 
with the majority of infrared satellite 
measurements), which represent the 
temperature within the conductive 
diffusion-dominated sublayer at a depth 
of ~10–20 μm. SSTskin measurements 
are subject to a large potential diurnal 
cycle, including cool-skin-layer effects 
(especially at night under clear skies and 
low wind speed conditions) and warm-
layer effects in the daytime. The subskin 
temperature (SSTsubskin) represents 
the temperature at the base of a con-
ductive laminar sublayer of the ocean 
surface. For practical purposes, SSTsub-
skin can be well approximated to the 
measurement of surface temperature 
by a microwave radiometer operating 
in the 6–11-GHz frequency range, but 
the relationship is neither direct nor 
invariant to changing physical condi-
tions or to the specific geometry of the 
microwave measurements. All measure-
ments of water temperature beneath 
the SSTsubskin are referred to as 

depth temperatures (SSTdepth), which 
are measured using a wide variety of 
platforms and sensors, such as drifting 
buoys, vertical profiling floats, or deep 
thermistor chains at depths ranging 
from 10–2 to 103 m. These temperature 
observations are distinct from those 
obtained using remote sensing tech-
niques (SSTskin and SSTsubskin) and 
must be qualified by a measurement 
depth in meters [e.g., or SST(z), e.g., 
SST5m]. The foundation SST (SSTfnd) 
is defined as the temperature of the 
water column free of diurnal tempera-
ture variability (daytime warming or 
nocturnal cooling) and is considered 
equivalent to the SSTsubskin in the 
absence of any diurnal signal. It is named 
to indicate that it is the foundation tem-
perature from which the growth of the 
diurnal thermocline develops each day 
(noting that on some occasions with 
a deep mixed layer there is no clear 
SSTfnd profile in the surface layer). 
Only in situ contact thermometry is 
able to measure SSTfnd, and analysis 
procedures must be used to estimate 
the SSTfnd from radiometric satellite 
measurements of SSTskin and SSTsub-
skin. SSTfnd provides a connection 
with the historical concept of a “bulk” 
SST considered representative of the 
oceanic mixed layer temperature and 
represented by any SSTdepth measure-
ment within the upper ocean over 
a depth range of 1–20+ m. SSTfnd 
provides a more precise, well-defined 
quantity than the previous loosely 
defined bulk SST and consequently, 
a better representation of the mixed 
layer temperature. In general, SSTfnd 
will be similar to a nighttime minimum 
or predawn value at depths of ~1–5 m, 
but some differences could exist. Note 
that SSTfnd does not imply a constant 
depth mixed layer, but rather a surface 
layer of variable depth (depending on 
the balance between stratification and 
turbulent energy) that is expected to 
change slowly over the course of a day.
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1. Temperature profile: T(z) is used by the analysis to compute fit to the observations

2. Brightness temperature (Tb) and Jacobian (dTb/dTz) are computed using CRTM with Zob :

A. ZIR = 15 microns — approximate: dTz/dTs = 1

B. ZMW = 1 mm  

3. Added AVHRR (infrared) observations (N-18, MetOp-A)                                      channels 4

➡ Items 1 & 2 impact analysis of all satellite radiance observations

➡ Observations: 

• AVHRR is in addition to the existing set 

• In situ SST (from buoys) are currently withheld - used for validation

➡ Ts is analyzed with the entire (upper-air) atmospheric analysis

TS ANALYSIS

http://earthobservatory.nasa.gov/Features/RemoteSensing/remote_04.php

http://earthobservatory.nasa.gov/Features/RemoteSensing/remote_04.php
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AGCM has been enabled to apply the increment in 

Ts =                                 

at every time step

• handled like all other analysis increments

• it is applied to Ts in the air-sea interface layer

TS INCREMENT

(T ana
s � T

bkg
s )/(6hours)

http://gmao.gsfc.nasa.gov
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RESULTS: 
from data assimilation cycled experiments
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DIURNAL WARMING & COOL-SKIN
�Tw �Tc

SkinSST �OSTIASST

Skin - OSTIA SST (oK)

Feb, 2015 
monthly mean

Apr, 2012 
monthly mean

SkinSST = OSTIASST +�Tw ��Tc

+
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BASIN AVERAGED DIURNAL VARIABILITY

OSTIA 
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OSTIA SST 

BASIN AVERAGED DIURNAL VARIABILITY- TROPICS
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OSTIA 

BASIN AVERAGED DIURNAL VARIABILITY- TROPICS
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NEAR-SURFACE THERMAL STRATIFICATION

Air-Sea Interface

Bottom of Interface Layer

T(z)

Cool-Skin DiurnalWarming

OSTIA SST

http://gmao.gsfc.nasa.gov
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ANALYSIS OF AVHRR OBSERVATIONS

Ch3 (night time) MetOp-A
Monthly Mean O-B 
(before bias correction)

Exp: Less Bias Correction

ctl

exp
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ANALYSIS OF AVHRR OBSERVATIONS

Ch3 (night time) MetOp-A
Monthly Mean O-B 
(before bias correction)

Exp: Less Bias Correction

ctl

exp

Cool-sk
in is

 ben
efic
ial!
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FIT TO IN SITU BUOYS (WITHHELD DATA) 
       Hourly measurement of  Temperature at Zob ~ 0.2 m

Mean (K)

T-WPAC (61)

T-INDN (37)

T-ATLN (24)

T-EPAC (118)

-0.025 0 0.025 0.05 0.075 0.1

OBS-OSTIA SST 
OBS - EXP T(z)

Monthly Mean Fit to 
Drifting buoys 
SST (Feb, 2015)

Std Dev (K)

0

0.038

0.075

0.113

0.15

T-WPAC(61) T-INDN(37) T-ATLN(24) T-EPAC(118)

�exp � �OSTIA

�OSTIA
(%)

�6.21
�7.98

�4.65
�10.01

20
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IMPACT ON IR (HYPER-SPECTRAL) OBS

Similar 
positive
benefit

for 
IASI 
on

MetOp-A
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• Near-surface sea surface:

thermally stratification due to diurnal warming 

a thin cool-skin layer  

Infrared Observations (AVHRR) measure Skin SST

SUMMARY- SKIN SST IN GEOS ADAS

GEOS Atmospheric Data Assimilation System provides:

•near-sea-surface temperature that is tightly coupled to the atmosphere

•better near-surface meteorology (improved O-B fit, forecast skill) 

Assimilated

Modeled



National Aeronautics and Space Administration

gmao.gsfc.nasa.gov23

CURRENT WORK  
(PLAN)

http://gmao.gsfc.nasa.gov
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GMAO WEAKLY COUPLED AO-CDA (PLAN)

Coupling AGCM A-ANA OGCM O-ANA

None
Prescribed 

ocean-surface  
No analysis for 

skin SST
No diurnal  cycle •Prescribed atmosphere

•Exclude diurnal obs

Semi- Prognostic ocean-surface Analysis for     
skin SST as above as above

Weak Prognostic ocean-surface   
above analyzed ocean as above • Resolve diurnal cycle

• Include run-off
•Analyzed atmosphere
•Include diurnal obs
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COUPLED ASSIMILATION

Weakly Couple Atmosphere & 
Ocean Data Assimilation Systems 

• Using the coupled AOGCM 

✓ T(z), Ts: Atmospheric DAS

✴ T(z), SSTfnd: Ocean DAS

T(z=1 m)

T(z>2 m)

Hourly

http://gmao.gsfc.nasa.gov
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Weakly Couple Atmosphere & 
Ocean Data Assimilation Systems 

• Coupling feedback- Impact on:

➡ Upper ocean, Mixed Layer 

➡ Air-sea fluxes

➡ Predictability > 3 days

Isotherms (oC) [10S, 10W] 

10S 
10W

Temperature  
(oC)

1 m 
5 m 
10 m 
20 m

26

COUPLED ASSIMILATION
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Questions, Feedback, Suggestions 
Thank You!
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EXTRA SLIDES
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Current GMAO ADAS is a Hybrid 
analysis system:

✴ Deterministic (central) +

✴ Probabilistic (ensembles)

EXTENSION TO HYBRID GEOS ADAS

Figure 7 shows Katrina’s NHC observed track and wind speeds (round colors), the f513m rt ensemble
members (gray) and ensemble mean (yellow), f513m rt fcst (red), and MERRA-2 fcst (green) initialized at
00Z on 24 August (left), 27 August (middle left), 28 August (middle right), and 29 August 2005 (right).
As the fcst moves along, one can see, the ensemble members having a lesser spread. The ensemble mean,
f513m rt fcst, and the MERRA-2 fcst also get closer together as Katrina is closer to landfall. However, all
members continue to overdevelop Katrina throughout the fcst.

Similar results can be seen for the case of hurricane Hilary. The matrix in figure 8 shows the NHC observed
(left column), MERRA-2 fcst (middle column), and f513m rt (right column) fcst track and surface wind
speed (round colors) of East Pacific hurricane Hilary, as similarly seen in figure 6. The observed NHC track
and wind speeds are from 19 August to 25th August 2005, while the MERRA-2 and f513m rt track and
wind speeds fcst are initialized at 00Z from 20 August to 24 August 2005. The MERRA-2 (middle) surface
wind speed fcst are of a stronger tropical system compared to observations, it also shows a large error in
Hilary’s track after 23 August. Similarly, the f513m rt (right) also shows a stronger tropical cyclone, even
reaching category-5 strength in almost all of its fcst.

Figure 7 shows Katrina’s NHC observed track and wind speeds (round colors), the f513m rt ensemble
members (gray) and ensemble mean (yellow), f513m rt fcst (red), and MERRA-2 fcst (green) initialized at
00Z on 24 August (left), 27 August (middle left), 28 August (middle right), and 29 August 2005 (right).
As the fcst moves along, one can see, the ensemble members having a lesser spread. The ensemble mean,
f513m rt fcst, and the MERRA-2 fcst also get closer together as Katrina is closer to landfall. However, all
members continue to overdevelop Katrina throughout the fcst.

Similar results can be seen for the case of hurricane Hilary. The matrix in figure 8 shows the NHC observed
(left column), MERRA-2 fcst (middle column), and f513m rt (right column) fcst track and surface wind
speed (round colors) of East Pacific hurricane Hilary, as similarly seen in figure 6. The observed NHC track
and wind speeds are from 19 August to 25th August 2005, while the MERRA-2 and f513m rt track and
wind speeds fcst are initialized at 00Z from 20 August to 24 August 2005. The MERRA-2 (middle) surface
wind speed fcst are of a stronger tropical system compared to observations, it also shows a large error in
Hilary’s track after 23 August. Similarly, the f513m rt (right) also shows a stronger tropical cyclone, even
reaching category-5 strength in almost all of its fcst.
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Analyze for Ts using :

✴ Deterministic (central): 

persistent, large-scale 
errors

✴ Probabilistic (ensembles): 

flow dependent, small-
scale errors

HYBRID ANALYSIS FOR TS

Without the Ts prognostic model:

• For all ensemble members, Ts     OSTIA SST 

➡ Ensemble generated covariance Be(Ts)     0!

➡ First step: a “realistic” Be(Ts)

⇡
⇡

http://gmao.gsfc.nasa.gov
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Analyze for Ts using :

✴ Deterministic (central): 

persistent, large-scale 
errors

✴ Probabilistic (ensembles): 

flow dependent, small-
scale errors

HYBRID ANALYSIS FOR TS

Ensemble Mean & Std Dev Ts (oC) Feb 28, 2015

Mean (contour), Std Dev (shaded)

http://gmao.gsfc.nasa.gov


32



33

CHANGE IN NET SURFACE HEAT FLUX 
Change in net heat flux @ surface
Qnet = SWnet �Hs �Hl + LWnet; LWnet = LWsurf � �T 4

s

�SW
net

= SW
net

(exp)� SW
net

(ctl) ⇠ 0
Diurnal Warming: �H

s

⇠ 2� 3W/m2; �H
l

⇠ 8� 10W/m2

Cool-Skin: �H
s

⇠ �4! �2W/m2; �H
l

⇠ �10! �8W/m2

Similar change in LW
net

.
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