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Abstract 

 

The Goddard Convective-Stratiform Heating (CSH) algorithm has been used to retrieve latent heating 

(LH) associated with clouds and cloud systems in support of the Tropical Rainfall Measuring Mission 

(TRMM) and Global Precipitation Measurement (GPM) mission.  The CSH algorithm requires the use 

of a cloud-resolving model (CRM) to simulate LH profiles to build look-up tables (LUTs).  In this 

paper we describe the current V6 CSH and its differences/similarities versus the previous V5 CSH.  

Long-term CRM simulations are conducted to identify the impact of CRM resolution and the 

convective-stratiform separation method on LH structure/profiles.  The TRMM and GPM Combined 

algorithm derived surface rainfall rates and their associated precipitation properties are the input to the 

CSH algorithm. 

 

Since there is no direct measurement of LH structure, the performance of the CSH V6 algorithm is 

examined by comparing its vertically-integrated heating (or equivalent surface rainfall rate) against 

the surface rainfall rate derived from the TRMM/GPM Combined algorithm.  The results suggest the 

CSH three-month and zonal mean equivalent surface rain rates are in good agreement with the 

Combined rates over the ITCZ region; the agreement is best over ocean.  CSH three-month and zonal 

mean equivalent surface rain rates are larger than the Combined rates over land in both the tropics and 

sub-tropics.  CSH three-month mean equivalent surface rainfall rates also have local differences with 

the Combined rates that can be smoothed by area averaging to larger horizontal resolutions (from the 

CSH standard grid of 0.25o x 0.25o to 0.5o x 0.5o or 1.0o x 1.0o).  CSH equivalent surface rainfall rates 

have more light rain rates but less larger rain rates compared to the GPM Combined surface rain rates. 

 



 

 

1. Introduction 
 

Latent heat release via precipitation formation is a primary driver of large- and small-scale 

atmospheric circulations, particularly in the Tropics where various large-scale tropical modes 

dominated by latent heating (LH) persist and vary on a global scale.  LH and its variation are 

among the most important physical processes within the atmosphere and are central to Earth’s 

water and energy cycle.  LH release is caused by the phase changes in water between its vapor, 

liquid and solid states, namely condensation, evaporation, deposition, sublimation, melting and 

freezing.  Latent heat release is dominated by condensation and deposition and heat absorption by 

evaporation and sublimation.  The heat absorption by melting occurs near the 0.0 Co level.  But, it 

is important because precipitating ice particles melt into rain drops before reaching the ground as 

surface rainfall.  The heat released via freezing is smaller than condensation and deposition but is 

still important for microphysical processes (Figs. 7 and 8 in Tao et al. 1990).   

 

The Tropical Rainfall Measuring Mission satellite (TRMM) made quantitative measurements of 

tropical rainfall on a continuous basis over the global Tropics, which were then used to estimate 

the four-dimensional (4D) structure of LH over the global Tropics (Simpson et al. 1996).  The 

standard LH products from TRMM measurements have become established as a valuable resource 

for scientific research and applications (see review papers by Tao et al. 2006 and 2016a).  Such 

products enable new insights and investigations into the complexities of convective system life 

cycles, diabatic heating controls and feedbacks related to meso- and synoptic-scale circulations 

and their prediction, and the relationship between tropical LH patterns and the global circulation.  

TRMM’s success provided the impetus for another major international satellite mission known as 

the Global Precipitation Measurement (GPM, Hou et al. 2014; Skofronick-Jackson et al. 2017).  



 

 

As the centerpiece of NASA’s Weather and Global Water/Energy Cycle research programs, GPM 

is providing the next-generation of space-borne precipitation measurements.  It covers a broader 

area (from the Tropics to higher latitudes) relative to TRMM, and with its dual frequency Ku-Ka 

band radar (DPR) on the core observatory provides higher accuracy precipitation measurements. 

 

Latent heating cannot be measured directly with current techniques, including current remote 

sensing or in situ instruments; therefore, cloud-resolving models (CRMs) play a critical tool for 

establishing the quantitative and physical relationships between diabatic heating and rainfall.   

CRMs have sophisticated microphysics schemes (that are by no means perfect) that can reasonably 

simulate cloud and precipitation processes and their explicit interactions with the surface and 

radiation (see a review by Tao and Moncrieff 2009).  CRM-simulated data have in fact been used 

extensively to develop rain and LH retrieval algorithms for TRMM.  Regional-scale models (with 

domains of several hundred to several thousand km2) are also indispensable tools.  They are 

extremely flexible and allow for a wide range of horizontal resolutions (via nesting), a variety of 

physical processes, and the realistic representation of topography, precipitation processes and land 

surface-atmosphere hydrology and energy coupling [including realistic vegetation/soil interaction 

and atmospheric planetary boundary layer (PBL) processes].  They can be nested to resolve 

convection and thereby use the same microphysics as CRMs.  Both CRMs and regional-scale 

models are important to GPM-algorithm developers and are considered key components of one of 

the major GPM ground validation (GV) sites (see GPM GV white paper).   

 

Currently, there are two standard TRMM/GPM LH algorithms, the Goddard Convective-

Stratiform Heating (CSH) and Japan Spectral Latent Heating (SLH).  Both depend upon CRM 

simulations (i.e., from the Goddard Cumulus Ensemble model or GCE) and regional-scale models 



 

 

(i.e., the NASA Unified Weather Research and Forecasting model or NU-WRF and the Japan 

Local Forecast Model or LFM) for their look-up tables (LUTs).   

 

Since there is no direct measurement of LH, Tao et al. (1990) used results from the GCE model 

to develop the first LH algorithm.  However, this algorithm requires specific coefficients related 

to cloud (cloud ice) to estimate condensation (deposition) heating.  Therefore, Tao et al. (1993) 

proposed a second LH algorithm (the CSH algorithm) as LH profiles are quite different between 

the convective and stratiform regions (Houze 1982, 1997; Johnson 2004; Johnson and Young 

1983). The CSH algorithm’s performance was tested through self-consistency checking using 

GCE-simulated LH data as “truth” (Tao et al. 2000), and the algorithm was used to retrieve LH 

structures using one-month of TRMM rainfall products (Tao et al. 2001). Later, the CSH 

algorithm was redesigned and improved by using several long-term GCE simulations and 

differentiating the LUTs into many bins and into separate heating components (Tao et al. 2010).  

In Tao et al. (2010), the number of LH profiles in the CSH LUTs (i.e., ocean and land) is greatly 

increased (~36 intensity and 20 stratiform bins) versus the previous version (i.e., Tao et al. 1993, 

2000 and 2001).  Also, the profiles are binned according to mean conditional surface rain rates 

obtained from GCE model sub-domains roughly consistent with the size of the CSH LH product 

grids (i.e., 64 km model subdomains are used to build the LUTs for the TRMM half degree gridded 

products).   Recently, the CSH algorithm was revised again (Lang and Tao 2018).  In addition to 

conditional surface rain intensities and stratiform fraction, the land and ocean LUTs are further 

binned according to mean echo top heights and low-level vertical reflectivity gradients (downward 

increasing or decreasing) to improve the depth of heating and intensity of low-level evaporative 

cooling in stratiform regions, respectively.  The GCE CRM database from which the CSH LUTs 

are derived was also upgraded with additional cases and the use of the improved Goddard 4ICE 



 

 

scheme (Lang et al. 2014; Tao et al. 2016).  Tao et al. (2019) used NU-WRF simulated 

precipitation properties to produce high latitude or cold season’s LUTs for the CSH algorithm.  

Please see Table 1, which lists the highlights and references for the CSH algorithm over the course 

of its continued development.   

 

Table 2 shows a brief summary of the evolution of the SLH algorithm described in Shige et al. 

(2004, 2007, 2008, 2009).  SLH LUTs are also generated from the GCE model as with the CSH 

algorithm.  Deep stratiform rain is further divided into two new categories:  deep stratiform with 

decreasing precipitation from the melting level toward the surface (downward decreasing: DD), 

and deep stratiform with increasing precipitation from the melting level toward the surface 

(downward increasing: DI).  Similar categories are already applied in the CSH algorithm.  The 

SLH algorithm computes deep stratiform cooling magnitudes as a function of Pm (melting level) 

− Ps (surface rain rate), assuming the evaporative cooling rate below the melting level in deep 

stratiform regions is proportional to the reduction in the precipitation profile toward the surface 

from the melting level [based on one-dimensional (or 1D) water substance conservation].  

However, increasing precipitation profiles are found in some portions of stratiform regions, 

especially in regions adjacent to convective regions where 1D water substance conservation may 

be invalid.  A LUT for deep stratiform with increasing precipitation toward the surface from the 

melting level (called “intermediate”) is produced with the amplitude determined by Ps.  Please 

also see Takayabu and Tao (2020) for the SLH-derived LH structures.   

 

The objective of the paper is to describe the current Goddard CSH algorithm including the 

improvements and similarities / differences from the previous version (Tao et al. 2010; Lang and 

Tao 2018) and to examine its performance using GPM Combined algorithm derived surface 



 

 

rainfall rates.  The algorithm description and its improvements are presented in section 2.  In 

section 3, the impact of some improvements to the CSH algorithm will be investigated via GCE 

model sensitivity tests.  The CSH retrieved LH structures and their associated performance are 

shown in section 4.  The conclusions and future work are presented in section 5. 

 

2. Algorithm description 
 

2.1 Differences and similarities between the current V6 and previous V5 CSH algorithm 
 

For the current V6 CSH algorithm, the Level 2 pixel product (named 2HCSH) is the primary CSH 

product with the V6 Level 3 gridded product (3GCSH) merely an aggregation of the V6 Level 2 

pixel product.  Figure 1 shows a schematic diagram of the CSH V6 algorithm for both TRMM and 

GPM.  It consists of a warm season component using GCE model-generated LUTs and a cold 

season component using NU-WRF generated LUTs.  Table 3 shows the similarities and differences 

between CSH V5 and V6.  There are two major changes that have affected retrieved CSH LH on 

the GPM grid.  The first one is the change in LUTs from gridded (0.25o x 0.25o – Level 3) to pixel 

(4 km – Level 2).  The second is due to the change in the convective-stratiform separation method.  

This second change was made to make the separation more consistent with the satellite method.  

The input to the CSH V6 algorithm consists of the surface precipitation derived from the V08 and 

V06 of the TRMM and GPM Combined algorithm, respectively, as well as its classification 

(convective or stratiform) and various associated radar characteristics (e.g., echo top height). 

 
2.1.1  Warm season – Tropical  

 



 

 

For the 2HCSH pixel product, mean heating profiles from the GCE model are averaged over 4-km 

GCE sub-domains (roughly consistent with the DPR surface pixel size) and then binned according 

to the mean surface rain rate and whether the sub-domain is convective or stratiform.  In addition 

to the 36 surface rain intensity bins (every 20 mm day-1) and convective and stratiform bins, the 

CSH LUTs are further binned according to mean echo top height (5 bins, 0-2, 2-4, 4-6, 6-8, and 

8+ km) and low-level (0-2 km above ground level, AGL) vertical reflectivity gradient (downward 

increasing or decreasing), which were introduced in the previous V5 algorithm (Lang and Tao 

2018) to improve heating depth and intensity of low-level evaporative cooling in stratiform 

regions, respectively.  For V6, the CSH LUTs are still composited into land and ocean regions; 

however, the “near rain” and “far from rain” LUTs are no longer used (i.e., LH is only retrieved 

for rainy pixels).  The CSH land and ocean LUTs are still composited from 6 multi-week ocean 

cases and 4 multi-week land cases (see Table 2 in Lang and Tao 2018 and Tao et al. 2019). 

  

The GCE is still run two-dimensional (2D) using the improved one-moment Goddard four class 

(cloud ice, snow, graupel and hail) ice (4ICE) cloud microphysics scheme (Lang et al. 2014; Tao 

et al. 2016b), which includes a bin microphysics-based rain evaporation correction.  But, for V6, 

the GCE CSH LUT database is generated using a horizontal resolution of 200 m (versus 1000 m 

for V5) and a horizontal domain of 1024 km (versus 512 km for V5) to improve the simulation of 

shallow clouds and large mesoscale convective systems, respectively.  The 200 m grid is averaged 

to 4 km for the LUTs and convective-stratiform separation.  In addition, the V5 gridded product 

had 20 stratiform fraction bins (every 5%) that are not needed for V6. 

 

2.1.2. Cold Season - Extra-tropics 

 



 

 

LH profiles obtained from 6 NU-WRF simulations using the same improved 4ICE scheme for 3 

eastern US synoptic snow storms and 3 West Coast atmospheric river events are mapped to the 

satellite using a similar but differing set of metrics than those used for the tropical / warm season 

algorithm (Tao et al. 2019).   

 

The extratropical / cold season LUTs are constructed from the inner-most, 3-km domain and 

mapped using the following metrics:  storm top height (11 bins), freezing level (13 bins), max dBZ 

level (8 bins), and vertical dBZ gradient (2 bins).  For V6, the number of bins for the first 3 metrics 

was increased, and a new metric (surface precipitation rate) was added with 17 bins.  Heating 

intensity is based on the composite dBZ intensity.  For V5, there were 90 bins every 1 dBZ, but 

for V6, the bin size was increased to every 2 dBZ over the same range.  Table 4 shows the metrics 

and the corresponding bins used for the CSH V6 extratropical / cold season LH LUT.  The bin 

ranges are based on close examination of the NU-WRF simulation results.   

 

As with V5, the CSH V6 cold and warm season heating retrievals are selected according to the 

height of the freezing level.  When the freezing level is above 4 km, the warm season retrievals 

are used; when it is below 3 km, the cold season values are used.  Between 3 and 4 km the cold 

and warm season values are averaged with a linear temperature weighting.  For the satellite orbits, 

the freezing level height is obtained from the corresponding re-analysis [JMA global analysis 

(GANAL)] data. 

 

2.2 Convective-stratiform separation methods 

 

A major change for CSH V6 is the use of a convective-stratiform separation scheme that is more 

consistent with that applied to the GPM satellite data.  The V6 separation method is now based on 



 

 

a Steiner-type method (Steiner et al. 1995) similar to the GPM method (named 2A23; see Awaka 

et al. 2009 and 2016) as opposed to the GCE model method used previously (including in V5 and 

SLH), which incorporated both cloud and vertical velocity data not generally available from the 

satellite.   

 

The GCE model method is based on work by Houze (1973) and Churchill and Houze (1984), 

which identifies convective cores as having 2 times the surface rainfall rate of the background 

average.  The points surrounding the core point are also convective as is any point with a rain rate 

above 20 mm h−1.  The background average is from a box that is five grid points on a side. 

Originally applied to gridded radar data with a 4-km horizontal spacing at a 3-km altitude, in the 

model it is applied to surface rainfall and on a finer grid.  In GCE method, two additional criteria 

are then applied to identify active convection aloft having minimal surface rainfall, such as tilted 

updrafts and new cells ahead of the line (Tao and Simpson 1989; Tao et al. 1993).  A point is made 

convective if cloud water exceeds a threshold (i.e., 0.5 g kg-1) below the melting level and the 

updraft exceeds 3 m s-1 below the melting level.  In the stratiform area, updraft velocity is checked 

above the melting level.  If it exceeds 3 m s-1 or cloud water exceeds 1.0 g kg-1 below the melting 

level the area is made convective.   

 

The 2A23-type separation begins with a Steiner-type method (Steiner et al. 1995), which is a 

texture algorithm applied to radar data that builds on the earlier Churchill and Houze method.   

Reflectivities are compared with a background average taken over an 11-km radius.  Points 

exceeding the average by a certain threshold are convective.  The threshold varies as a function of 

the background average.  Also, any point that exceeds 40 dBZ is convective.  For each of the points 



 

 

identified as convective, a surrounding area that depends upon the intensity of the core point also 

is made convective.  The remaining rainy areas are then stratiform.  In the 2A23-type separation, 

composite reflectivities below the melting level are used instead while the convective region 

surrounding a core consists simply of the 4-km grids adjacent to the core.  Finally, this horizontal 

separation is merged with a vertical bright band method.   Reflectivities that decrease by more than 

1 dBZ from the melting layer upward 1 km are treated as a potential bright band.  Areas 

surrounding convective cores with a bright band are flipped back to stratiform. 

 

Note that there is no unique separation method; Lang et al. (2003) examined and tested six different 

convective-stratiform separation methods. The GCE method simulated LH profiles in the 

convective and stratiform regions closely resembled the classic (mature stage) latent heating (or 

Q1) structures/profiles from those of previous diagnostic studies.  This is why the GCE method 

was applied in previous CSH versions (V4 and V5).  However, to be more consistent with the 

GPM separation method, it was decided to use the 2A23-type method in V6 (after discussion with 

Combined algorithm developers in 2019).  This should give a more consistent and therefore 

accurate mapping of the model fields to the satellite. 

 

3. Sensitivity tests on convective-stratiform separation method and model resolution  

 
Long-term 2D GCE model simulations of a continental (Green Ocean Amazon Experiment or 

GoAmazon, 40 days from 14 February to 26 March 2014; see Martin et al. 2016 and Tang et al. 

2016) and an oceanic (Dynamics of the Madden-Julian Oscillation or DYNAMO, 31 days from 

13 November to 13 December 2011; see Yoneyama et al. 2013 and Ciesielski et al. 2017) case are 

conducted to examine the impact of convective-stratiform separation methods and model 



 

 

resolution on the CSH algorithm.  The GCE model is forced (imposed) by the prescribed sounding 

network-derived large-scale forcing in temperature and water vapor (Soong and Tao 1980; Tao 

and Soong 1986 and many others).  These same two large-scale forcing cases have been simulated 

with the GCE model previously to generate LH profiles for the CSH LUTs (Lang and Tao 2018).   

A total of four numerical experiments are conducted (see Table 5).  The first and second 

experiments, DV5 and DV6, are for the DYNAMO case, and their model set-ups are the same as 

those used for CSH V5 and V6, respectively.  The third and fourth experiments, GV5 and GV6, 

are for the GoAmazon case with V5 and V6 set-ups, respectively.  Please see details on the GCE 

model in terms of its physics, dynamics and other model configurations in Tao et al. (2010) and 

Lang and Tao (2018). 

 

Figure 2 shows the time series of domain-averaged rainfall rates for the GoAmazon and 

DYNAMO cases both simulated using the GCE model and estimated from their respective 

sounding networks.  The temporal variation of the GCE model-simulated rainfall is in a very good 

agreement with the sounding estimates for both cases (especially for heavy rainfall events).  The 

good agreement is caused by the fact that the GCE model is forced by the large-scale tendencies 

in temperature and water vapor computed from the sounding network.  When the imposed large-

scale advective forcing cools and moistens the environment, it increases the relative humidity; the 

model responds by producing clouds through condensation and deposition (release heat).  The 

fallout of large precipitation particles produces the rainfall at the surface.  Some precipitation 

particles evaporate before reaching the ground (absorbed heating or cooling).  The stronger 

(weaker) the imposed advective forcing is, the more (less) cloud, precipitation and surface rainfall 

is simulated (see Soong and Tao 1980).  On the other hand, the model will not produce cloud or 

rainfall when the imposed forcing heats and dries the atmosphere (e.g., near and after November 



 

 

30 during DYNAMO and around March 14 during GoAmazon).  There is also good agreement in 

the GCE-simulated rainfall between the DV5 and DV6 simulations and between the GV5 and GV6 

simulations (Fig. 2).   

 

There is no direct observation for LH.  However, a sounding network can be used to estimate the 

apparent heat source (or Q1) as defined by Yanai et al. (1973).  The GCE-simulated Q1 can be 

validated with the sounding-estimated Q1.  Figure 3 shows time series of domain-averaged total 

heating profiles simulated with the GCE model and Q1 profiles derived from the sounding 

networks for both the GoAmazon and DYNAMO cases.  Clearly, the model responds quite well 

to the imposed large-scale forcing for both cases.  DYNAMO (oceanic case) has fewer but larger 

(longer lasting) events while GoAmazon (continental case) has more numerous (shorter lasting) 

events.  One notable difference in the DYNAMO case is that the GCE simulated less cooling 

between late November and early December.  For the GoAmazon case, the GCE simulated Q1 also 

has less cooling in middle March as well as between active events.  Another noted difference 

between the GCE modeled and sounding estimated Q1 is the simulated Q1 does not show diurnal 

variation in the upper troposphere. 

 

Figure 4 shows the multi-day (31 days for DYNAMO and 40 days for GoAmazon) mean vertical 

profiles of Q1 from the sounding estimates and the GCE simulations.  These profiles are the time 

averages of the profiles shown in Fig. 3.  The higher resolution (DV6 and GV6) and lower 

resolution (DV5 and GV5) model-simulated Q1 profiles are almost identical, and the simulated 

profiles also almost identical to the sounding estimated.  The results indicate that the model 

resolution is not a major factor for the GCE-simulated Q1 and total rainfall amount (see Table 6).  



 

 

However, the 200 m simulations are in slightly better agreement with the sounding estimated at 

mid-levels (i.e., between 3 to 4 km) in both cases. 

 

The total domain-averaged rainfall amount as well as stratiform percentage from all four GCE 

experiments are shown in Table 6.  The corresponding sounding estimated surface rainfall is 9.45 

mm day-1 and 8.23 mm day-1 for GoAmzaon and DYNAMO, respectively.   Both GCE GoAmazon 

and DYNAMO simulated total rainfall amounts are slightly over-estimated (~3%) versus the 

sounding estimated.  The results also indicate that there is only a very small difference in the total 

domain mean rainfall amount between the 200m and 1000m model simulations for both cases.  

The results from Fig. 2 and Table 6 indicate that the model resolution does not have much impact 

on the GCE-simulated rainfall.  The good agreement in surface rainfall and Q1 between the GCE 

simulations and the sounding estimates is the main reason for using the GCE (or other CRMs with 

the same imposed large-scale advective forcing approach) to produce LH for the CSH (and SLH) 

algorithm.   

 

The stratiform percentages using different model resolution as well as different convective-

stratiform separation methods are shown in Table 6.   The total mean rainfall is about 15% more 

in the GoAmazon case than in the DYNAMO case.  This is because the large-scale advective 

forcing is larger in GoAmazon.  Interestingly, the stratiform percentage is not sensitive to the 

convective-stratiform separation methods for CSH V6 (i.e., only a 0.6% difference in DYNAMO 

and 0.3% in GoAmazon).  For CSH V5, the stratiform percentage is higher using the GCE method 

for both the DYNAMO and GoAMZON cases.  There is 8.8% and 7.2% more stratiform rain with 

the GCE separation than the 2A23-type method in DV5 and GV5, respectively.  The results 



 

 

indicate that the stratiform rainfall amount (percentage) is more sensitive to the convective-

stratiform separation method for CSH V5.    

 

The convective-stratiform separation methods are different for CSH V5 and V6, the GCE and 

2A23-type methods, respectively.  The stratiform percentage is 38% using the 2A23-type method 

in DV6 and 41% using the GCE method in DV5, so there is a 3% higher stratiform percentage in 

DV5 than DV6.  For the GoAmazon case, GV5 has a 4.7% greater stratiform percentage than GV6.   

 

Overall, the simulated Q1 (Fig. 4) and surface rainfall (Table 6) between DV5 and DV6 are very 

similar as they are between GV5 and GV6.  The model-simulated stratiform percentage is also not 

sensitive to the model resolution if using the same convective-stratiform separation method.  The 

Q1 in the convective and stratiform regions is examined using the CSH V6 runs (200 m GCE model 

resolution).   Figures 5 and 6 show the time series of domain-average GCE-simulated Q1 in the 

convective and stratiform regions using the two different convective–stratiform separation 

methods (2A23-type and GCE) for GoAmazon and DYNAMO, respectively.  Overall, the 

temporal variation of the Q1 profiles in the convective and stratiform regions is quite similar using 

the different convective-stratiform separation methods. 

 

For the GoAmazon case, Q1 profiles in the convective region show the classic vertical distribution 

of heating from the low to upper troposphere.  Convective Q1 is stronger in the GCE’s convective-

stratiform separation than that of the 2A23-type method.  Q1 profiles in the stratiform region also 

exhibit the classic vertical distribution of heating aloft and cooling beneath the freezing level.  

However, the cooling is much stronger in the GCE’s convective-stratiform separation than in the 

2A23-type method.  In addition, there is frequent low-level heating in the stratiform region (see 



 

 

Fig. 5b) using the 2A23-type method.  The heating is mainly associated with very light rainfall 

events.  But, the stratiform Q1 profiles from the GCE method have almost all cooling below the 

freezing level (Fig. 5d).  This is another major difference using the different convective-stratiform 

separation methods.  

 

For the DYNAMO case, the convective heating is much stronger using the GCE’s convective-

stratiform separation method than the 2A23-type method (Figs. 6a and 6c).  The cooling is also 

much stronger with the GCE separation (Figs. 6b and 6d).  Low-level heating also appears in the 

stratiform region using the 2A23-type method.  The difference between the GoAmazon and 

DYNAMO cases is the convective heating and stratiform cooling is stronger in DYNAMO (see 

Fig. 7).  First, it is due to the difference in the advective forcing imposed into the GCE model 

simulations (Fig. 3).  There are two major (and large) organized convective events associated with 

the MJO with strong heating aloft and cooling beneath (November 22-23 and November 25-26) 

for the DYNAMO case.  Their simulated Q1 in the convective and stratiform region mainly is the 

response to the imposed forcing.   

 

Figure 7 shows the multi-day mean vertical profiles of Q1 from the convective and stratiform 

regions for the two different convective–stratiform separation methods for both the GoAmazon 

and DYNAMO cases.  These profiles are the time averages of the profiles shown in Figs. 5 and 6.  

In addition, the results from the coarser model resolution (1000 m) are shown for comparison.  

Both the GoAmazon and DYNAMO cases have heating in the convective region using the two 

different separation methods.  But, the heating is stronger using the GCE method than the 2A23-

type method for both cases.  Both cases show heating aloft in the stratiform region.  But, low-level 

(below 4 km) cooling is only shown in the GCE method for both the DYNAMO and GoAmazon 



 

 

cases.  There is no mean low-level cooling in the stratiform region in the 2A23-type method.  This 

is due to areas of weak low-level heating that are classified as shallow stratiform by the separation 

method being averaged with the weak cooling of the deep stratiform profiles in the model data.    

 

The Q1 profiles in the convective and stratiform regions are almost identical for the two different 

model resolutions (1000 and 200 m).  This is consistent with the surface rainfall amounts (Fig. 2 

and Table 6) and total Q1 (Fig. 4).  This result indicates that the model resolution does not have a 

major impact on the time- and domain-averaged Q1 and LH due to the same imposed large-scale 

advective forcing.  However, it still could be important at smaller scales/regions. 

 
Figure 8 shows the CSH V5 and V6 LH LUTs for convective (down increasing echoes only) echo 

top height bins of 0-2, 4-6, and 8+ km and stratiform bins of 8+ km for both downward increasing 

and downward decreasing echoes in the lowest 2 km. Only the oceanic LUTs are shown for 

comparison.  The V5 LUTs are for the most convective and most stratiform bins for the gridded 

product (Lang and Tao, 2018), which was the primary product for V5, while the V6 LUTs are for 

the pixel product, which is the primary product for V6.  Note that the LUTs shown in Lang and 

Tao (2018) where for 19 levels.  The plots shown in Fig. 8 use 80 levels, which is what is used for 

the actual retrievals for both V5 and V6.   

 

Overall, the basic heating structures are quite similar between V5 and V6.  For example, there is 

heating aloft and cooling below in the stratiform region, and almost all heating in the convective 

region.   However, there are some notable differences.  The heating in the stratiform region is much 

stronger in V6 than that in V5, but low-level cooling in V6 is weaker than that of V5.  There is 

another difference in the stratiform region for high rainfall rates (i.e., > 240 mm day-1), where there 



 

 

is low-level heating in the V6 LUT but not in the V5 LUT.  For the convective region, the 

maximum heating is quite similar in both the V5 and V6 LUTs,  but the level of maximum heating 

is lower in V6 than its V5 counterpart.  Midlevel heating is also stronger in V5 than in V6 (Figs. 

8 e and f).  Another difference is the vertical extent of heating is also lower for V6 than for V5 (2 

km height difference) except for the lowest level LUT (2p) shown in Figs. 8i and 8j. 

 

Global three-month mean LH profiles for July, August, and September 2014 comparing CSH V5 

and V6 for the total, convective and stratiform regions are shown in Fig. 9.  The total and 

convective heating in V6 is much weaker than in V5.   The results show that the vertical structure 

is similar in terms of the altitude of maximum total LH (6 km).  There are two heating maxima (at 

the 6 and 2.5 km levels) in the convective region.  For the stratiform region, there is stronger 

cooling beneath the 5-km level in V5 than in V6.   The convective-stratiform separation method 

could be the main reason for this difference.  In addition, the difference in the stratiform region is 

consistent with the results shown in Fig. 7.  

 

Figure 10 shows zonal cross sections of the mean 3-month average LH profiles for the old (V5) 

and new (V6) versions of the CSH algorithm.  The overall shapes are quite similar.  Heating is 

stronger in the Tropics and peaks at a higher level (~6 km) than in middle and higher latitudes 

(below 5 km) in both versions.  Both also exhibit low-level heating (below ~2.5 km) in the Tropics; 

however, heating at middle levels (~2 to 5 km) is reduced in the Tropics in V6 compared to V5 

and is the main reason for the reduced bias in the zonal mean vertically-integrated CSH heating 

versus the Combined algorithm surface rain as shown in Fig. 10a.  In the net, there is weak cooling 



 

 

at the lowest levels in both the Tropics and extratropics for both versions, which is slightly deeper 

in the North Hemisphere in V6.   

The height of the maximum heating level in Q1 profiles derived from sounding networks varies 

over different Tropical regions:  from 4 km for the Marshall Islands (Yanai et al. 1973) and East 

Atlantic (Thompson et al. 1979) to 6-6.5 km in the West Pacific (Lin and Johnson 1996), 6 km 

over Florida (Johnson 1976), 7 km over the South China Sea (Johnson and Ciesielski 2002) to 5-

6 km for South America (Creco et al. 1994) and West African squall lines (Chong and Hauser 

1990). 

Lang et al. (2003) examined six different convective-stratiform separation methods; their results 

showed that the GCE method had a higher stratiform rainfall percentage than the Steiner method 

for two squall line cases (Table 3 in Lang et al. 2003).  Their results also showed that LH retrieval 

can be sensitive to the use of separation technique mainly as a result of differences in the stratiform 

region. 

 
4. CSH V6 retrieved LH 

 

4.1 CSH standard products 

There are 3 standard CSH V6 products:  pixel (named 2HCSH), instantaneous gridded (named 

3GCSH), and monthly gridded (named 3HCSH).  A major change for V6 is that the 3GCSH 

gridded product is now produced by averaging the 2HCSH pixel product rather than being 

retrieved separately using LUTs built by sampling the GCE model database at the resolution of 

the product grid.  The horizontal resolution for 3GCSH is 0.25o x 0.25o and has 80 vertical levels.  



 

 

The 3HCSH monthly product is computed by averaging all of the 3GCSH gridded products in 

each month.  Note that poleward of the TRMM domain (i.e., 37o N to 37o S), only LH is retrieved.  

 

4.2 Relationship between Vertically-Integrated Latent Heating and Surface Precipitation 

 

In a diagnostic study (e.g., Yanai et al. 1973), the apparent heat source (Q1) of a large-scale system 

is defined by averaging horizontally the thermodynamic equation ( , potential temperature) as: 

 

         (1) 

Note that Q1 can be calculated either from observations or from grid values in a large- or regional-

scale prediction model. is non-dimensional pressure (where p and  are 

dimensional and reference pressures, respectively, with  taken as 1000 hPa).  Q1 is directly 

related to the contribution of cloud effects, which can be explicitly estimated from the GCE model 

(Soong and Tao 1980; Tao and Soong 1986; Tao and Simpson 1989): 

 
       (2)                 

where overbars denote horizontal averages (or model horizonal domain averages) and primes 

indicate deviations from the large-scale environment due to smaller scale cloud processes.  The 

variable  is density, cp is the specific heat of dry air at constant pressure, R is the gas constant 

for dry air, and QR is the radiative heating rate.  The variables Lv, Lf, and Ls are the latent heats of 

condensation, fusion, and sublimation, respectively, while the variables c, e, f, m, d, and s are the 

condensation of cloud droplets, evaporation of cloud droplets and rain drops, freezing of water 

droplets and rain drops, melting of ice crystals, snowflakes, graupel and hail, deposition of ice 
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crystals and snowflakes, and sublimation of all ice hydrometeors, respectively.  Note that the latent 

heat of fusion is one order smaller than the latent heat of condensation and sublimation.  The term 

 is the LH due to microphysical phase changes while the first 

three terms on the right-hand side (RHS) of Eq. (2) are the two horizontal divergence and vertical 

heat flux (transport), respectively.   is the turbulence term, and its’s value is smaller than the 

other terms.  The horizontal divergence terms are usually neglected when Eq. (2) is spatially 

averaged over an area suitable for diagnostic analysis. The domain averaged horizontal divergence 

term is zero in the GCE model simulations because cyclic lateral boundary conditions are used.  

 

There is a relationship between column-integrated apparent heating, radiation effects, the net 

surface precipitation and the net surface heat fluxes as shown in the following equation (see Yanai 

et al. 1973): 

 
                                                                   (3) 

 
where Po the surface precipitation rate, So the surface heat flux, g gravity, and Lv the latent heat 

of condensation.  Lx and Ly are the horizontal length of the x- and y-direction, respectively; Ptop 

and Psfc are the cloud top and surface, respectively.  In order to derive Eq. (1), Yanai et al. (1973) 

stated that “we consider an ensemble of cumulus clouds, which is embedded in a tropical large-

scale motion system, then we imagine a horizontal area that is large enough to contain the 

ensemble of clouds, but small enough to be regarded as a fraction of the large-scale system.”   

 

Replacing the left-hand side (LHS) of Eq. (1) with the RHS of Eq. (2) and vertically integrating 

the RHS of Eq. (2) gives a relationship between LH and the surface rainfall and sensible heat 
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fluxes (i.e., the RHS of Eq. 1).  The retrieved LH can therefore be vertically integrated to produce 

an “equivalent surface rain rate”, which can then be compared against the GPM Combined 

derived (input) surface rain rate to check its performance (and biases).   

 

In the tropical warm season GCE model simulations, surface heat fluxes are calculated using the 

TOGA COARE flux algorithm (Wang et al. 1996, 2003) for all ocean cases except for DYNAMO, 

in which they are prescribed.  Over land, the TOGA COARE flux algorithm is used for the two 

Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) cases, but surface 

fluxes are prescribed for the Midlatitude Continental Convective Clouds Experiment (MC3E) and 

GoAMAZON cases.  For the TOGA COARE flux algorithm, each surface model grid point has its 

own fluxes; the prescribed fluxes vary in time but are applied horizontally uniform over all surface 

grid points. 

 
4.3 Results 

 
Three-month (July, August and September 2014) zonal mean vertically-integrated 3GCSH 

retrieved equivalent surface rain rates are shown in Fig. 11a.  This particular period was selected 

because of the overlap between TRMM and GPM.  The GPM Combined algorithm derived mean 

surface rainfall rates are also shown for comparison.  The equivalent and Combined derived 

surface rain rates are in excellent agreement in the ITCZ region / deep tropics (5o – 17o N).  They 

are also in very good agreement over the high latitudes in the Northern Hemisphere (~30o to 65o 

N) as well as the region from ~ 20o S to 40o S in the Southern Hemisphere.  But the equivalent 

surface rain rates are higher than the Combined surface rain rates in the sub-tropics (maximum 

difference is around 20o N and 15o S in the Northern and Southern Hemispheres, respectively).  

 



 

 

The equivalent and Combined surface rain rates over ocean only and land only are shown in Figs. 

11b and 11c, respectively.  Note that the area covered by ocean, especially in the tropics and sub-

tropics, is much larger than the area covered by land.   In the TRMM domain, the good agreement 

between the equivalent and Combined derived surface rain rates as shown in Fig. 11a is mainly 

from the ocean region (Fig. 11b).  In general, equivalent surface rain rates are larger than the 

Combined surface rain rates over land (Fig. 11c).  The difference is quite large in the deep tropics 

(5o S to 5o N) and sub-tropics in the Northern Hemisphere.  Outside of the TRMM domain, there 

is a good agreement between the equivalent and Combined surface rain rates over land in the 

Northern Hemisphere.  This is the reason for the good agreement between the equivalent and 

Combined derived total surface rainfall rates there (Fig. 11a).  The equivalent surface rain rate is 

higher (lower) than the Combined derived in the Southern (Northern) Hemisphere.  Since the ocean 

has smaller area coverage in the Northern Hemisphere, its contribution to the total surface rain rate 

is lower than its land counterpart.  On the other hand, the ocean covers a larger area in the Southern 

Hemisphere, so it has a larger contribution to the total surface rain rate.  That is why both the total 

surface rain rate and its ocean component are larger (higher) than those from the Combined 

algorithm (Figs. 11a and 11b).  These differences and similarities between the equivalent and 

Combined derived surface rainfall rates can provide guidance for improving the CSH algorithm in 

the future, as well as potential applications for users.  

 

Figure 11 also shows the same three-month (July, August and September 2014) zonal mean 

vertically-integrated retrieved equivalent surface rain rates for the previous V5 algorithm.  While 

the biases are comparable over ocean (though V6 still shows notable improvement especially in 

the Southern Hemisphere), V5 clearly has much larger positive biases than V6 over land.  The net 



 

 

result is that V6 has significantly reduced biases over nearly every latitude compared to V5 and is 

therefore in much better overall heat balance 

 

Figure 12a shows the three-month (July, August and September 2014) CSH vertically-integrated 

Q1-QR (equivalent surface rainfall rate).  The GPM Combined algorithm derived surface rainfall 

rate is also shown in Fig. 12b for comparison.  The horizontal distribution (or pattern) between the 

equivalent and Combined derived surface rainfall rates is quite similar.  For example, both show 

high rainfall rates over the Inter Tropical Convergence Zone (ITCZ), the South Pacific 

Convergence Zone (SPCZ), the midlatitude storm track (along the east coast of China and North 

America) and at mid-to-high latitudes (30-50o S) in the Southern Hemisphere.  In addition, light 

rainfall rates or no surface rainfall occurs over the west coast of both the American and African 

continents, and Australia.   

 

The net difference between the CSH equivalent (3GCSH, 0.25o x 0.25o) and the GPM Combined 

surface rainfall rates over the same three-month period 1 July to 30 September 2014 is shown in 

Fig. 13a.  Clearly, the differences between the equivalent and Combined derived rainfall rates are 

larger over the regions with high rainfall rates (Fig. 11).  Over land, the equivalent surface rainfall 

rate is larger than the Combined derived over central Africa, the Indian subcontinent, Southeast 

Asia, and America (including Central America, the Southwest US and northern South America).  

These over estimates are also evident in Fig. 11c (from 10o S to 25o N).  Over ocean, the equivalent 

surface rainfall rate is larger than the Combined derived over the Pacific Ocean (especially, the 

SPCZ, the Central and West Pacific).  Overall, the difference is larger in terms of intensity (rainfall 

rate) as well as the areal coverage over land than that over ocean. 

 



 

 

Yanai et al (1973) stated that the area “is large enough to contain the ensemble of clouds, but small 

enough to be regarded as a fraction of the large-scale system” for Eq. (3).  Figures 13b and 13c 

show the differences averaged into 0.5o x 0.5o and 1.0o x 1.0o, respectively.  The differences 

between the equivalent and Combined derived surface rainfall rates are still present in both Figs. 

13b and 13c.  However, the local differences are smaller for the larger area averages compared to 

the smaller area averages.  Note that the averages are a simple arithmetic area averaged from high 

resolution (i.e., 0.5o x 0.5o is from 0.25o x 0.25o, and 1.0o x 1.0o is from 0.5o x 0.5o).  Note that the 

bias is the same in these figures (Figs. 13a, b and c) because this arithmetic average is used.  The 

results suggest that users need to consider averaging the CSH standard product, 3GCSH (0.25o x 

0.25o) to coarser resolution for their specific applications. 

 

Figures 14a and 14b show the mean surface rainfall from the Combined algorithm for the three-

month period of July, August and September 2014 for both TRMM and GPM.  The mean rainfall 

is from the 0.25o x 0.25o standard gridded product.  Note that the TRMM domain is about 37o S to 

37o N, and the GPM domain is about 67o S to 67o N.  All observed tropical major rainfall regimes, 

such as the ITCZ, the SPCZ, the Maritime Continent and midlatitude storm tracks are captured in 

both the TRMM and GPM Combined algorithm derived surface rainfall.  However, the mean 

rainfall rates in the ITCZ region (Central Pacific, Atlantic and Indian ocean) as well as the sub-

tropical oceans are higher for GPM, which is consistent with GPM’s ability to detect lighter rain 

rates.  Rainfall rates over land are also higher for GPM.  Table 7 shows the mean surface rainfall 

rate for TRMM and GPM.  Within the TRMM domain, GPM has a slightly higher mean rainfall 

rate than TRMM (2.91 vs 2.85 mm day-1).  The higher surface rainfall rates occur over both land 

and ocean.  But, the difference in the surface rainfall rate is higher over land (2.49 vs 2.37 mm 

day-1) than over ocean (3.09 vs 3.05 mm day-1).   



 

 

 

The corresponding surface rainfall stratiform percentage for both TRMM and GPM is shown in 

Figs. 14c and 14d, respectively.  High stratiform percentages (40-50%) are associated with regions 

over the ITCZ, the SPCZ and the Maritime Continent, while low stratiform percentages (~5-10%) 

are over the coast of South America, and the Atlantic and Indian Oceans (between the equator and 

25o S).  These features are quite similar between TRMM and GPM in the Tropics.  Over the TRMM 

domain, the mean stratiform percentage is 35.0% and 39.3%, respectively, for TRMM and GPM 

(see Table 7).  The higher stratiform percentage for GPM occurs over both land (50.2% vs 43.6%) 

and ocean (35.5% vs 32.4%).  The stratiform percentage and the total surface rainfall amount are 

the two major factors that determine the vertical distribution of CSH-retrieved LH (Tao et al. 

1993).  Specifically, a higher stratiform rain percentage produces a higher altitude of maximum 

LH.  A higher surface rainfall amount has stronger LH.  The difference in the mean rainfall rate is 

0.6 mm day-1 (or 2%) between TRMM and GPM.  The difference in the stratiform rain is only 

about 3.9%.   Consequently, these differences may not have a major impact on the mean vertical 

distribution of LH (Tao et al. 1993). 

 
Outside the TRMM domain, there are very high stratiform percentages (~70%) at higher latitudes 

(Fig. 14d).  The high stratiform feature is associated with light rainfall rates (Fig. 14b) and mid-

latitude precipitation systems (Yokoyama et al. 2017).  For the Northern Hemisphere, its mean 

rainfall rate is higher than its counterpart in the Southern Hemisphere, but its mean stratiform rain 

percentage is less than its counterpart in the Southern Hemisphere (Table 7).  In addition, the mean 

rainfall area is much larger in the Southern Hemisphere than in the Northern Hemisphere (Fig. 

14b).  This suggests that the mean rainfall rate is weak (light rainfall) in the Southern Hemisphere.  

Note that July, August and September are during Summer (Winter) in the Northern Hemisphere 



 

 

(Southern Hemisphere).  The seasonal difference could be one of the main reasons for the 

difference in mean surface rainfall rates and its stratiform component. 

 
Figure 15 shows the three-month zonal mean CSH retrieved equivalent surface rainfall rates for 

TRMM and GPM.  The surface rainfall rates derived from the TRMM and GPM Combined 

algorithm are also shown in Fig. 15 for comparison.  The CSH equivalent surface rainfall rates for 

TRMM and GPM are in a very good agreement with each other.  The TRMM and GPM Combined 

derived surface rainfall rates are also in excellent agreement with each other.  Note that the same 

equivalent and Combined derived zonal mean surface rainfall rates for GPM were already shown 

and discussed in Fig. 11.  The equivalent surface rainfall rates are in slightly better agreement with 

the Combined derived for TRMM than GPM in the Southern Hemisphere (20o S to the Equator).  

The same good agreement in the deep tropics (ITCZ region, from 5o S to 15o N) is also shown in 

the CSH equivalent surface rainfall for TRMM.  However, local differences still occur with the 

surface rainfall rate for TRMM (similar to Fig. 13). 

 

In addition to the Northern Hemisphere’s warm season, CSH retrieved equivalent and GPM 

Combined derived zonal mean surface rainfall rates for the Northern Hemisphere’s cold season 

(November and December 2014 and January 2015) are shown in Fig. 16a.  Overall, the CSH 

retrieved equivalent surface rainfall rates are in very good agreement with the GPM derived for 

the Northern Hemisphere, especially, in the deep tropics - ITCZ region (0o – 15o N).  This excellent 

agreement is consistent with the results from the warm season in the Northern Hemisphere (Fig. 

11a).  The results also show that the equivalent surface rainfall rates are in better agreement for 

the cold season (November and December 2014 and January 2015 in North Hemisphere and July, 



 

 

August and September 2014 in South Hemisphere) than the warm season in both hemispheres (see 

Figs. 11 and 16).   

 

The corresponding surface rainfall rates from ocean and land regions are shown in Figs. 16b and 

16c, respectively.  The high CSH retrieved equivalent surface rainfall rates in the deep Tropics – 

ITCZ region are mainly from the ocean region and are in excellent agreement with the Combined 

derived.  This result is consistent with that from the Northern Hemisphere’s warm season (Fig. 

10b).  The CSH equivalent surface rainfall rates are in better agreement with the Combined derived 

over ocean than over land.  Equivalent surface rainfall rates from 20o S to 5o N over land are higher 

compared to the Combined derived.  This is also consistent with the Northern Hemisphere’s warm 

season (Fig. 11c).   

 

Figure 17 shows the one-to-one correlation between CSH retrieved equivalent and GPM derived 

surface rainfall rates for the Northern (Southern) Hemisphere’s warm (cold) season.  The surface 

rainfall rate is the monthly gridded data (level 3).  The results indicate that there is more scatter 

for light rainfall rates.  Both Northern Hemisphere’s three-month cold and warm season show very 

similar correlations between the CSH equivalent and Combined derived surface rainfall rates with 

a quite high correlation coefficient, 0.99.  But, the CSH retrieved equivalent surface rain has more 

light rain rates than the Combined derived.  In addition, it has fewer large rain rates than the 

Combined derived.   

 

5. Summary and Future Work 
 

Two different numerical models, the GCE and NU-WRF, have been used to generate CSH LH 

LUTs.  The GCE generated LUT is for the tropical-warm season, and the NU-WRF generated is 



 

 

for the high latitude – cold season.  For the tropical-warm season, the GCE model simulated LH 

is from high resolution (200 m) simulations, and the convective-stratiform separation method is 

more consistent with that for the GPM DPR.  These are the two major differences between the 

current V6 CSH and the previous V5 CSH.  Long-term GCE model simulations for one oceanic 

(DYNAMO) and one continental (GoAmazon) case are conducted to examine these differences 

(convective and stratiform separation method and model resolution).  Sounding network estimated 

Q1 and surface rainfall rate are used for comparison.  For the high latitude-cold season, the NU-

WRF simulated LH LUTs do not use convective-stratiform separation, but simulated LH structures 

still have convective-like and stratiform-like structures (Tao et al. 2019).    

 

Officially, the CSH algorithm is used with precipitation products from the GPM DPR-GMI and 

TRMM PR-TMI Combined algorithm (i.e., surface precipitation rates, composite radar 

reflectivity, freezing level height, and echo-top height) as input (see Fig. 1).   Since there is no 

direct measurement of LH, comparisons between the CSH vertically-integrated heating equivalent 

surface rainfall rates) and the Combined algorithm derived surface rainfall rates are used to 

examine CSH performance.  The major highlights are as follows: 

 
o The GCE simulated Q1 profiles and the temporal variation of the surface rainfall are in very 

good agreement with those from sounding estimates for both the GoAmazon and DYNAMO cases.  

o The GCE simulated total Q1 profile and its convective and stratiform component are almost 

identical for two different model resolutions (1000 and 200 m) using the same convective-

stratiform separation method. 

o The GCE simulated vertical profile of Q1 in the convective and stratiform region is 

sensitive to the convective-stratiform separation method.  Its simulated Q1 shows heating from the 



 

 

low- to upper-levels in the convective region for both separation methods.  Using the GCE 

separation method, the GCE simulated Q1 stratiform profiles show a classic structure, heating aloft 

and cooling beneath the melting level.  Using the 2A23-type method, however, there is no (or very 

small) low-level cooling in the stratiform region.  V6 CSH retrieved LH low-level cooling is 

smaller and shallower compared to the low-level cooling retrieved in V5. 

o The CSH three-month and zonal mean equivalent and Combined derived surface rain rates 

are in excellent agreement in the ITCZ region / deep tropics (5o – 17o N in the Northern Hemisphere 

warm season and 0o – 15o N in the Northern Hemisphere cold season).  These agreements are 

mainly from the ocean region.   

o The CSH three-month and zonal mean equivalent surface rainfall rates are larger than the 

Combined surface rain rates over land and in the deep tropics and sub-tropics in both the Northern 

Hemisphere warm and cold seasons.   

o The CSH three-month mean equivalent surface rainfall and TRMM and GPM Combined 

derived surface rainfall distributions capture many well-known weather features, such as the ITCZ, 

SPCZ, the Maritime Continent and midlatitude storm tracks during the Northern Hemisphere warm 

season. 

o The CSH three-month and zonal mean equivalent surface rainfall rates are in very good 

agreement using TRMM and GPM Combined derived surface rainfall rates and precipitation 

properties.  This good agreement could be caused by the fact that there is also a good agreement 

in surface rainfall rates derived by the TRMM and GPM Combined algorithm. 

o The CSH three-month mean equivalent surface rainfall distribution has differences with 

the Combined derived rainfall rates for both ocean and land regions.  The difference is larger in 

terms of intensity (rainfall rate) as well as the areal coverage over land than that over ocean.  



 

 

However, all these differences can be reduced locally with arithmetic horizontal averaging (i.e., 

3GCSH’s 0.25o to coarser resolution, 0.5o or 1.0o) depending on specific applications. 

o The CSH mean equivalent surface rainfall has more light and less large rainfall rates 

compared to the Combined derived even though there is a high correlation between the CSH mean 

equivalent and Combined derived.  

 

It is expected that all PMM rainfall/snowfall and LH V7 retrieval algorithms will be released in 

middle/late 2021.  The CSH algorithm LUTs will continue to be improved by using 3D GCE model 

simulations for the tropical warm season and additional NU-WRF simulations of synoptic cold 

season systems.  For V7, radiative profiles and surface heat fluxes from NU-WRF will be added 

to the high latitude cold season.    

 

The heating structure using the GCE method is more similar to the classic heating profile than that 

of the 2A23-type method (i.e., Houze 1982; Johnson 2004).  Positive heating via condensation and 

deposition (and freezing) dominates throughout the column in the convective region.  In the 

stratiform region, heating occurs above the melting level through deposition while cooling mainly 

from evaporation prevails beneath the melting level.  But, the GCE method requires information 

on the vertical velocity as well as cloud properties to separate the convective and stratiform 

regions.  These information are not directly available from TRMM and GPM nor other satellite 

missions.  However, the future NASA satellite Aerosol, Cloud, Convection and Precipitation 

(ACCP) mission is planned to measure the vertical velocity and cloud/precipitation 

properties.  The GCE convective-stratiform separation method could be utilized for this future 

satellite mission. 

 



 

 

Surface heat fluxes could play a major role in the balance with equivalent surface rainfall rates as 

shown in Eq. (3).  The large difference between the CSH-retrieved equivalent and Combined-

derived surface rain rates over land might be caused by the land surface heat fluxes (these are 

mainly by the GCE model simulated or specified in the CSH V6).  Both the CSH and SLH 

algorithm teams plan to examine the global energy balance between LH, precipitation and surface 

heat fluxes based on physical understanding (via comparisons with global re-analysis and/or 

different precipitation features). 

 

In addition, the CSH algorithm is being applied to an upward-looking ground radar at 

GoAmazon to produce high temporal resolution LH estimates in a project supported by the DOE 

Atmospheric Science Research (ASR) program (V6 algorithm is being implemented at present, 

with subsequent algorithms incorporated as they become available. 
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Highlights Reference 
First paper to use a CRM, the GCE, to develop a LH retrieval algorithm - 

LH structure estimated from vertical hydrometeor profiles 
Tao et al. (1990) 

First paper on the CSH algorithm - composite both sounding-estimated and 
GCE-modeled convective and stratiform heating profiles into a simple LUT 

 
Tao et al. (1993) 

Examined the performance of the CSH algorithm using GCE model 
simulations (consistency check), SSMI and ship-borne estimated rainfall 
and stratiform percentages.  Retrieved LH structures sensitive to surface 

rainfall amount and stratiform percentage. 

 
Tao et al. (2000) 

First paper to retrieve LH based on one-month of TRMM-estimated rainfall 
products 

Tao et al. (2001) 

Improved the CSH algorithm using the GCE to build the LUTs, individual 
heating components retrieved separately, LUTs separated into many 

surface rain rate intensity bins and stratiform fractions 

 
Tao et al. (2010) 

Improved the CSH algorithm using even more GCE model simulations 
with better microphysics at finer resolution to build the LUTs and added 

new metrics for echo top heights and low-level dBZ gradients to the LUTs 

 
Lang and Tao (2018) 

First paper to expand the retrieval of LH to higher latitudes and the cold 
season using NU-WRF simulations of synoptic storms to build separate 

LUTs 

 
Tao et al. (2019) 

Review papers on LH retrieval algorithms, applications and evaluation Tao et al. (2006, 
2016) 

 
Table 1  Evolution of the Goddard CSH algorithm with key improvements and references.  

Adapted from Tao et al. (2019) with minor modifications.  V4 is based on Tao et al. 

(2010) and covers the TRMM domain only (released March 8, 2016).  The tropical 

LUTs in V5 are based on Tao et al. (2010) and Lang and Tao (2018) and were released 

on August 1, 2017.  The tropical LUTs for V6 are based on V5 the present paper 

(released October 21, 2019).  The high latitude (cold season) LUTs are based on Tao 

et al. (2019) for both V5 and V6.   

 
  



 

 

 
 
 

Highlights Reference 
First paper on the SLH algorithm – index the LUTs according to vertical rain 
profile information: precipitation top height (PTH) for convective and 
shallow stratiform rain and melting-level rain intensity for anvil (deep 
stratiform with a PTH higher than the melting level). 

 
Shige et al. 

(2004) 

Improved SLH by separating convective heating retrieval into upper-level 
heating due to ice processes and lower-level heating due to liquid water 
processes, and shifted up or down the stratiform heating profile by matching 
the melting level in the LUT with the observed one. Good agreement between 
SLH estimates and diagnostic calculations for SCSMEX. 

 
Shige et al. 

(2007) 

Expanded SLH to the retrieval of Q2. Good agreement between SLH 
estimates and diagnostic calculations for SCSMEX. Differences of SLH Q2 
estimates between the western Pacific Ocean and the Atlantic Ocean 
consistent with the results from the budget study. 

 
Shige et al. 

(2008) 

Comparisons of the LUTs from two- and three-dimensional GCE 
simulations. Less agreement between SLH estimates using the LUTs from 
three-dimensional GCE simulations and diagnostic calculations for 
SCSMEX supports using the LUTs from two-dimensional GCE simulations. 

 
Shige et al. 

(2009) 

Extension of SLH retrieval region to midlatitudes (65N-65S) utilizing the 
GPM DPR data 

Takayabu and 
Tao (2020) 

 
Table 2  Evolution of the SLH algorithm with a brief summary of references.  Adapted from      

Takayabu and Tao (2020), 

 
 
  



 

 

 
  

 

 V5 V6 
Cases 6 Ocean + 4 Land Same 

Microphysics 4ICE Same 
GCE grid size 1000 m 200 m 

GCE domain size 512 km 1024 km 
 
 

Look-Up Tables 

36 intensity bins 
2 convective-stratiform bins 

Land and Ocean 
Rainy, near rain, and  

far from rain 

 
Same except no rainy, 
rain, and far from rain 

assumption 

Echo Top Height Bins 0-2, 2-4, 4-6, 6-8, > 8km Same 
Low-level (0-2 km) 

Vertical dBZ Gradient 
Downward increasing or 

decreasing 
Same 

Vertical Levels 80 80 
Horizontal Resolution Gridded Pixel 
Convective-Stratiform 

Separation 
GCE method at model 

resolution (1 km)  
2A23-like method at 4-

km resolution 
 
Table 3     The similarities and differences between CSH V5 and V6. 
 
  



 

 

 
Variables Bin ranges 

Surface rainfall rate (mm h-1) 0., 0.178, 1., 1.78, 3.16, 5.62, 7.5, 10., 13.3, 17.8, 22.4, 27.0, 
31.6, 44.0, 56.2, 70.0, 100., 999. 

Max dBZ height (m) 0., 500., 1000., 1500., 2000., 3000., 4000., 5000., 99999. 
Freezing level height (m) Negative, 0., 500., 1000., 1500., 2000., 2500., 3000., 3500., 

4000., 4500., 5000., 5500, 99999. 
Echo top height (m) 0., 1000., 2000., 3000., 4000., 5000., 6000.,7000., 8000., 9000., 

10000., 99999. 
Decreasing flag “Decreasing”, “Non-decreasing” 

Max dBZ intensity -10, -9, -8, …78. 79, 80 (from-10 to 80 with an interval of 1) 
 
Table 4   Key parameters used for the new CSH cold season LH look-up table.  The look-up table 

is built from NU-WRF simulated LH profiles associated with six synoptic storm events. 

Adapted from Tao et al. (2019).    

 

 
 
 
 

  



 

 

 
 

 Case Resolution Domain size CSH Version 
DV5 DYNAMO 1000 m 512 km V5 
DV6 DYNAMO 200 m 1024 km V6 
GV5 GoAmazon 1000 m 512 km V5 
GV6 GoAmazon 200 m 1024 km V6 

 
Table 5 The case (DYNAMO and GoAmazon), model resolution (200 vs 1000 m), domain 

size (512 vs 1024 km) and their corresponded CSH Versions (V5 vs V6). 

  



 

 

 

  
DV5 DV6 GV5 GV6 

Total Domain Mean Rain  8.53 8.66 9.78 9.76 
Stratiform % / GCE 41.0 % 38.6 % 43.6 % 39.6 % 
Stratiform % / 2A23 32.2 % 38.0 % 36.4 % 38.9 % 

 
Table 6 Total, convective and stratiform rainfall for the DYNAMO and GoAmazon cases 

simulated for the CSH V5 (1000 m horizontal resolution, 512 km horizontal domain) 

and CSH V6 (200 m horizontal resolution, 1024 km horizontal domain) databases.  

Results from two convective-stratiform separation methods are shown:  the GCE 

model method, which is applied that the model resolution and was used in V5, and a 

2A23-like approach, which is applied at 4 km horizontal resolution and was used in 

V6.  Rainfall units are in mm day-1.    Sounding estimated rainfall is 9.45 mm day-1 

and 8.23 mm day-1 for GoAmazon and DYNAMO case, respectively. 

 

  



 

 

 

 

 
 Mean Surface Rainfall Rate 

(mm day-1) 
Mean Stratiform percentage 

(%) 
TRMM 2.85 35.4 

GPM (67o S – 67o N) 2.42 58.9 
GPM (37o S – 37o N) 2.91 39.3 
GPM (37o N – 67o N) 2.00 73.8 
GPM (37o S – 67o S) 1.63 85.2 

TRMM (ocean) 3.05 32.4 
TRMM (land) 2.37 43.6 

GPM (37o S – 37o N) (ocean) 3.09 35.5 
GPM (37o S – 37o N) (land) 2.49 50.2 

 

Table 7 Mean surface rainfall rate and stratiform percentage derived from TRMM and GPM 

for July, August, and September 2014.  The high latitude rainfall and stratiform 

percentage also shown for comparison. 

 

 



 
 

 
Figure 1   Schematic diagram of the Goddard CSH retrieval algorithm for TRMM and 

GPM.  
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Figure 2 Time series of 2D GCE-simulated domain average surface rainfall using a 512-km 

horizontal domain at 1km resolution (green) and a 1024-km horizontal domain at 200m 

resolution (blue) versus surface rainfall derived from the corresponding sounding 

budget (black) for the (a) DYNAMO and (b) GoAmazon cases. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
Figure 3   Time series of the domain-average apparent heat source (Q1) derived from (a) the 

sounding network and (b) the GCE 200m simulation for the GoAmazon case.  (c) and 

(d) are the same as (a) and (b), respectively, except for the DYNAMO case.   

 
 
 
 
  
 
 
 
 
 
 



 
 
 
 
 
 

 
 
 
 
 
 
 
Figure 4 Domain and time-mean Q1 derived from the corresponding sounding budgets (black) 

versus simulated with the 2D GCE using a 512-km horizontal domain at 1km resolution 

(green) and a 1024-km horizontal domain at 200m resolution (blue) for the (a) 

GoAmazon and (b) DYNAMO cases.   

 
 
 
 
 
  



 
 

 
 
Figure 5   Time series of domain-average GCE-simulated Q1 in the (a) convective and (b) 

stratiform regions using a 2A23-type convective – stratiform separation.    (c) and (d) 

are same as (a) and (b), respectively, except that the convective – stratiform separation 

is based on GCE method.  

 
 



 
 
 
Figure 6 Same as Fig. 5 except for the DYNAMO case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

 
 
 
 
Figure 7 Same as Fig. 4 except (a) for the convective regions from the two 2D GCE simulations 

using both the 2A23 and GCE separation methods for the GoAmazon case.  (b) is the 

same as (a) except for the stratiform regions, and (c) and (d) are the same as (a) and 

(b), respectively, except for the DYNAMO case. 

 
 
 



 
 
Figure 8 Global three-month mean latent heating profiles for July, August, and September 2014 

comparing CSH V5 (blue) and V6 (green) for the (a) total, (b) convective and (c) 

stratiform regions. 

 
 
 
  



 

 
 

 

 
 
Figure 9 Zonal mean vertically-integrated CSH retrieved diabatic heating versus surface rainfall rate 

from the GPM Combined Algorithm for the 3-month period July 1 to September 30, 2014.  (a) 

is total, (b) is over ocean only and (c) is for land only. 



 

 

 
                 

                

 
 
Figure 10  Three-month mean (a) CSH vertically-integrated Q1-QR (equivalent surface rain rate) 

and (b) Combined algorithm surface rain rate.  Results are for July, August, and 

September 2014 at 0.25o x 0.25o resolution. 

 
  



 
 

 

 

 
 

Figure 11 The difference between the CSH equivalent and Combined surface rain.  (a) is for 0.25o   

x 0.25o, (b) is for 0.5o x 0.5o and (c) is 1.0o x 1.0o resolution. 

 
 
 



 
 
 

     
  

   
 
Figure 12  Mean surface precipitation rate from the Combined algorithm for the three month 

period July, August, and September 2014 for (a) TRMM and (b) GPM, and the 

stratiform rain percentage for (c) TRMM and (d) GPM at 0.25o x 0.25o resolution.  Note 

that TRMM only covers the tropics and subtropics while GPM extends to higher 

latitudes. 

 
 

 



 
 
 
 
Figure 13  Same as Fig. 9a except for TRMM and GPM.  The black and blue lines are the mean 

surface rain rate from the Combined algorithm for GPM and TRMM, respectively.  The 

green and red lines are the CSH retrieved vertically-integrated Q1-QR from TRMM 

and GPM, respectively. 

 
 
  



 
 

 
 

 

 
 
Figure 14   Same as Fig. 9 except for the three month period from November 1, 2014 to January 

31, 2015. 
 
  



 
 
 
 
 

 

 
Figure 15 Scatter plots showing the co-relations between CSH equivalent and GPM derived 

surface rainfall rate.  (a) is for July, August and September 2014 and (b) is for 

November, December 2014 and January 2015. 

 


