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ABSTRACT

Motivated by the use of the GFDL microphysics scheme in the Finite-Volume Cubed-Sphere Dynamical

Core Global Forecast System (FV3GFS), the all-sky radiance assimilation framework has been expanded

to include precipitating hydrometeors. Adding precipitating hydrometeors allows the assimilation of

precipitation-affected radiance in addition to cloudy radiance. In this upgraded all-sky framework, the five

hydrometeors, including cloud liquid water, cloud ice, rain, snow, and graupel, are the new control variables,

replacing the original cloud water control variable. The Community Radiative Transfer Model (CRTM) was

interfaced with the newly added precipitating hydrometeors. Subgrid cloud variability was considered by

using the average cloud overlap scheme. Multiple scattering radiative transfer was activated in the upgraded

framework. Radiance observations from the Advanced Microwave Sounding Unit-A (AMSU-A) and the

Advanced Technology Microwave Sounder (ATMS) over ocean were assimilated in all-sky approach. This

new constructed all-sky framework shows neutral to positive impact on overall forecast skill. Improvement

was found in 500-hPa geopotential height forecast in bothNorthern and SouthernHemispheres. Temperature

forecast was also improved at 850 hPa in the Southern Hemisphere and the tropics.

1. Introduction

In recent years, the main trend of making use of sat-

ellite data in numerical weather prediction (NWP) is the

assimilation of cloud- and precipitation-affected radi-

ances. Research efforts have been devoted to improving

observation error modeling (Geer and Bauer 2011;

Okamoto et al. 2014; Minamide and Zhang 2017), ra-

diative transfer models (e.g., Geer et al. 2009; Geer and

Baordo 2014; Sieron et al. 2017; Stegmann et al. 2018;

Sieron et al. 2018), and parameterizations of cloud and

precipitation in forecast model (e.g., Forbes et al. 2016).

The first operational implementation of all-sky microwave

radiance assimilationwas achieved at theEuropeanCentre

forMedium-RangeWeather Forecasts (ECMWF) in 2009,

with observations from the Special Sensor Microwave

Imager (SSM/I) and Advanced Microwave Scanning

Radiometer for the EarthObserving System (AMSR-E)

assimilated in all-sky approach (Bauer et al. 2010). Since

then, radiances from more microwave imagers and

sounders have been assimilated in all-sky conditions in

their 4D-Var system (Geer et al. 2018). Geer et al.

(2017) shows that assimilation of microwave radiances

sensitive to cloud and precipitation has contributed to

the ECWMF’s forecast skill improvement. The Japan

Meteorological Agency (JMA) has been developing the

assimilation all-sky microwave and infrared radiances in

their global data assimilation system (Kazumori and

Kadowaki 2017; Okamoto 2013). In their recent study,

the assimilation of all-sky microwave radiances im-

proved analysis and first guess fields. Positive impact

was also observed in tropical cyclone (TC) intensity

analysis and prediction (Kazumori and Kadowaki 2017).

Hydrometeors are not control variables in the 4D-Var
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systems of ECWMF and JMA (Geer et al. 2018). The

tangent linear of the forecast model in 4D-Var system

provide the link between the change in hydrometeors

and the change in control variables at observation time

(Geer et al. 2018). A single moist control variable, which

covers water vapor, liquid, and frozen cloud water, is

used in the Met Office operational system for the as-

similation of humidity- and cloud-sensitive observations

(Ingleby et al. 2013; Migliorini et al. 2017). A moisture-

incrementing operator has been developed and im-

proved to partition the total water increments into its

three phases (Migliorini et al. 2017).

Nonprecipitating cloudy radiances from theAdvanced

Microwave Sounding Unit-A (AMSU-A) microwave

radiometer have been assimilated into NCEP’s Global

Forecast System (GFS) since 2016 (Zhu et al. 2016).

More recently, the all-sky approach has been expanded

to the assimilation of the nonprecipitating cloudy ra-

diances from the Advanced Technology Microwave

Sounder (ATMS) (Zhu et al. 2019). Precipitation-

affected radiances have not been assimilated in the

operational GFS Global Data Assimilation System

(GDAS), mainly because the cloud microphysics pa-

rameterization scheme (Zhao and Carr 1997; Moorthi

et al. 2001) used in the original Global Spectral

Model (GSM)-based GFS does not provide precip-

itation information in the model output. Cloud wa-

ter, which covers cloud liquid water and cloud ice, is

the only cloud-related prognostic variable in the

GSM-based GFS. Cloud water is a control variable

in the all-sky radiance assimilation framework of GFS

(Zhu et al. 2016).

The Finite-Volume Cubed-Sphere Dynamical Core

(FV3) (Lin 1997, 2004; Putman and Lin 2007) developed

at the National Oceanic and Atmospheric Administration

(NOAA) Geophysical Fluid Dynamics Laboratory

(GFDL) was selected to be the dynamical core of the

next-generation global and regional forecast systems at

NCEP. The FV3 dynamical core coupled to the opera-

tional GFS physics package was built at GFDL. This

new global model was embedded into the NOAA

Environment Modeling System (NEMS) and coupled to

the data assimilation system at the NCEPEnvironmental

Modeling Center (EMC). This next-generation global

forecast system called FV3GFS became operational in

June 2019.

One of the major model upgrades for this 2019

version (FY19) of FV3GFS is the replacing of the

Zhao–Carr cloud microphysics scheme (Zhao and

Carr 1997; Moorthi et al. 2001) in the GFS physics

package with the GFDL cloud microphysics scheme

(Zhou et al. 2019). This model physics upgrade im-

proves the global anomaly correlation coefficients

(ACC) of geopotential height at 500 hPa as well as

tropical cyclone track and intensity forecast (Chen

et al. 2019a,b). Another potential benefit of this mi-

crophysics upgrade is that it provides not only cloud but

also precipitation related prognostic variables. This

opens the door for the assimilation of precipitation-

affected radiance.

In this study, we expanded the all-sky radiance as-

similation framework for the FV3GFS to include all hy-

drometeors associated with the upgraded microphysics

scheme, particularly the precipitating hydrometeors. The

individual hydrometeors were chosen to be the new

control variables. Both static background error variance

and ensemble perturbations were augmented for the

new control variables. The radiative transfer model

was interfaced with the newly added precipitating hy-

drometeors. A few experiments were conducted to

evaluate the performance of the upgraded all-sky ra-

diance assimilation framework and the impact of as-

similating precipitation-affected radiances.

The paper is organized as follows: The FV3GFS data

assimilation system and the original all-sky radiance

assimilation framework are briefly described in section 2.

The expansion of the all-sky radiance assimilation

framework with precipitating hydrometeors included is

described in section 3. The design of the experiments

and the impacts on analysis and forecast are presented

in section 4. Conclusions and future work are summa-

rized in section 5.

2. The original all-sky radiance assimilation
framework in FV3GFS

a. The FV3GFS data assimilation system

The data assimilation system for the FV3GFS is

largely inherited from the GSM-based GFS with some

enhancement added. Observations in the 6-h window

centered at synoptic time are assimilated with a hy-

brid 4D ensemble–variational data assimilation method

(4DEnVar; Wang and Lei 2014; Kleist and Ide 2015).

The description of the hybrid 4DEnVar system here

mainly follows Kleist and Ide (2015). The system utilizes

a dual-resolution configuration. The high-resolution

deterministic forecast is updatedby theGridpoint Statistical

Interpolation (GSI; Kleist et al. 2009a) variational analysis

through a linear combination of the increment derived

from a static background error covariance and the

increment derived from the ensemble perturbations.

The weight given to the static and the ensemble

contributions to the increment are 12.5% and 87.5%,

respectively. The ensemble is updated using an ensem-

ble square root filter (EnSRF; Whitaker and Hamill 2002;
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Whitaker et al. 2008). The horizontal resolution1 of the

FY19 FV3GFS is C768 (;13km) for the deterministic

forecast and C384 (;25km) for the ensemble forecast.

The model has 64 vertical levels with the model top at

0.2hPa. Both GSI and EnSRF analyses are performed on

Gaussian grid at half of the resolution of the deterministic

forecast, which corresponds to C384 with 15363 768 grid

points. The analysis increments on theGaussian grid are

remapped to the cubed-sphere grid inside the model to

initialize the forecast. The tangent-linear normal mode

constraint (Kleist et al. 2009b) is utilized to improve the

balance of the GSI analysis. The multiplicative inflation

by relaxation to the prior spread (Whitaker and Hamill

2012) is used to account for underrepresented sources of

background error in the EnSRF. In addition to multi-

plicative inflation, the stochastically perturbed param-

eterization tendency scheme (SPPT; Buizza et al. 1999)

and the stochastically perturbed boundary layer hu-

midity scheme (SHUM; Tompkins and Berner 2008)

are employed to address sampling error due to model

uncertainties.

b. The original all-sky radiance assimilation
framework

The all-sky radiance assimilation framework devel-

oped for the GSM GFS is adopted for the first imple-

mentation of FV3GFS. The technique details of the

all-sky approach are documented in Zhu et al. (2016,

2019). Here we provide a few key aspects of the

original all-sky framework with the descriptions de-

rived from Zhu et al. (2016, 2019), in order to facilitate

the introduction of the expanded all-sky framework

later. Although the FV3GFS with the GFDL micro-

physics has prognostic variables for cloud liquid water,

cloud ice, rain, snow, and graupel, the normalized cloud

water mixing ratio (CW) is still used as the control vari-

able. The normalized CW is defended as the sum of the

cloud liquid water mixing ratio (Ql) and cloud ice mixing

ratio (Qi) normalized by its background error standard

deviation. The Community Radiative Transfer Model

(CRTM) requires profiles of individual hydrometeors as

input. The first guess of CW is partitioned into Ql and Qi

based on temperature [Eq. (1) in Zhu et al. 2019].

Incremental conversion between cloud control variable

(CW) and cloud state variables (Ql and Qi) through the

tangent linear and adjoint of the decomposition operator

is required at each inner loop iteration (Zhu et al. 2019).

The static background error standard deviation of CW is

set to be 5% of its first guess (Zhu et al. 2016). The static

error covariance does not provide the cross-covariances

between CW and other control variables. Flow-dependent

error covariances including cross-covariances are provided

by the ensemble, which plays more important role in the

analysis.

Due to the choice of the cloud control variable in

current all-sky assimilation framework of FV3GFS, the

analysis increments of precipitating hydrometeors are

not available. It may not be ideal to partially update

cloud state variables. Therefore, the analysis increments

of Ql andQi decomposed from the increment of CW are

not used to update the model initial condition. Even

without updating cloud variables, radiances affected by

cloud can still have explicit impact on temperature and

moisture, and indirect impact on wind through the cor-

relation derived from the ensemble.

Oceanfield-of-view (FOV) radiances fromallAMSU-A

and ATMS channels, except AMSU-A channel 14 and

ATMS channel 15, are assimilated in all-sky conditions in

the FY19 FV3GFS. AMSU-A channel 14 and ATMS

channel 15 are high peaking channels. Themodel top and

vertical levels cannot provide adequate atmospheric state

profiles at high altitudes for these two channels; therefore,

they are not assimilated in the FY19 FV3GFS. More

channel information of AMSU-A and ATMS can be

found in Table 2 of Zhu et al. (2019). Since precipitating

hydrometeors are not included in the original all-sky

framework, precipitation-affected radiances are screened

out in data thinning and quality control procedures.More

details about precipitation screening can be found in Zhu

et al. (2016).

The CRTM (Han et al. 2006; Liu and Boukabara

2014) developed at the Joint Center for Satellite Data

Assimilation (JCSDA) is used as the observation oper-

ator for radiance data in NCEP’s data assimilation sys-

tem. The CRTM, version 2.2.3, is used in the original

all-sky framework of the FY19 FV3GFS. Without

passing precipitating profiles into the CRTM, multiple

scattering is not activated, and radiative transfer is

solved in emission mode.

3. Expansion of the all-sky framework to the
assimilation of precipitation-affected radiance

In the new all-sky radiance assimilation framework,

the model state variables and the control variables were

augmented to include rain, snow, and graupel in addi-

tion to cloud liquid water and cloud ice in both GSI and

EnSRF analysis systems. We decided to use the five in-

dividual hydrometeors as the new control variables be-

cause it is more straightforward to implement and does

1 The resolution of the cubed-sphere grid is defined as the

number of finite-volume cells on each tile of the cubed sphere. For

example, C384 means 384 3 384 finite-volume cells on each tile of

the cubed sphere.
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not require cloud decomposition and associated tangent

linear and adjoin operators. Similar to the original all-

sky framework, the mixing ratios of each individual

hydrometeors normalized by their background error

standard deviations were treated as control variables.

The static background error variances for the individual

hydrometeors were constructed the sameway as the CW

background error variance. Namely, the background

error standard deviation was specified to be 5% of the

first guess of the hydrometeor mixing ratios. The cross-

covariances came from the ensemble, which was also

expanded to include perturbations from precipitating

hydrometeors. The analysis increments of the hydro-

meteors can now be used to update the model state to

initialize the forecast.

To assimilate precipitation-affected radiances in this

new framework, precipitation screening was removed in

both data thinning and quality control procedures. The

original bias correction scheme documented in Zhu

et al. (2014a,b) was adopted. The bias correction coef-

ficients need to be spun up by the new system itself. We

monitored the simulated brightness temperature before

and after bias correction to ensure that the bias cor-

rection scheme worked effectively. More details about

interfacing the radiative transfer model, estimating

observation errors, and changes made in quality con-

trol will be described in the following sections.

a. Radiative transfer model

In the presence of precipitation, multiple scattering is

activated in radiative transfer because of significant

scattering effects from snow and graupel. In this study,

the advanced doubling-adding (ADA) method (Liu and

Weng 2006) was chosen to solve the radiative transfer

equation under scattering condition. The number of

streams required to perform radiative transfer inmultiple-

scattering atmosphere is determined inside CRTM based

on the Mie size parameter 2pr/l, where r is the largest

effective radius of the scattering hydrometers and l is

the wavelength of the incident electromagnetic radia-

tion. The hydrometeor optical properties including mass

extinction coefficient (m2 kg21), single-scattering albedo

and phase function coefficients, which are required by

the ADA solver, are read from lookup tables (LUTs).

During radiative transfer calculation, the optical prop-

erties are interpolated from the LUTs based on input

frequency and hydrometeor effective radius. Only liquid

species are temperature dependent. The type of solid

species is determined from the input bulk density. In the

officially released CRTM LUTs for cloud liquid water,

cloud ice, rain, snow, and graupel, the optical properties

were obtained by representing the species as spherical

particles (Liu and Weng 2006). The Fast Microwave

Emissivity Model, version 6 (FASTEM-6) (English and

Hewison 1998; Liu et al. 2011; Bormann et al. 2012;

Kazumori and English 2015), is employed to compute

microwave ocean surface emissivity.

When using CRTM in data assimilation, the K-matrix

functions are used to compute the model brightness

temperature and its Jacobians (sensitivities of brightness

temperature to atmospheric and surface parameters)

by taking inputs of atmospheric profiles and surface

properties. The hydrometeor water path of each layer

(kgm22) and effective radius, which are used to deter-

mine cloud and precipitation radiative properties, need

to be passed into the CRTM. The effective radii of cloud

liquid water and cloud ice are hard coded to be 5mm in

the CRTM. Based on some observational studies (e.g.,

Martin et al. 1994; Heymsfield and McFarquhar 1996;

Donovan 2003) and comparing to the values used in

different forecast models (Martin et al. 1994), 5mmmay

be too small, especially for cloud ice. We modified the

CRTM code to allow the effective radii of cloud liquid

water and cloud ice to vary, and computed the effective

radii of the two species based on formulas in a few pa-

rameterization studies, includingMartin et al. (1994) for

FIG. 1. (a) Scatterplot of effective radius (mm) as a function of

water content (gm23), and (b) number of observations in log scale

classified into 50-mm effective radius bins from a single analysis on

0000 UTC 15 Jul 2017.
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liquid water and Heymsfield andMcFarquhar (1996) for

cloud ice. However, the changes led to worse first guess

(FG) fit to observations. Therefore, we decided to

keep using the default 5mm for cloud liquid water and

cloud ice in this study, and will investigate more on

this, when we explore better optical properties for

different species in the future. For the other three

precipitating hydrometeors, the effective radii were

calculated based on the ratio of the third and second

moments of the particle size distribution following

Hansen and Travis (1974):

r
eff

5

ð
r3N(r) dr

ð
r2N(r) dr

, (1)

where N(r) 5 N0e
22lr is the exponential particle size

distribution used in the GFDL microphysics scheme

(S. J. Lin and L. Zhou 2019, unpublished manuscript).

The intercept parameter isN0 (m
24), which equals to 8.03

106, 3.0 3 106, 4.0 3 106 for rain, snow, and graupel, re-

spectively. The slopeparameter isl5 (prN0/raq)
1/4 (m21),

FIG. 2. Comparing OmF of simulations using different CRTM configurations. CRTM2.2.3: using CRTM

2.2.3 assuming overcast; CRTM2.3.0: using CRTM 2.3.0 assuming overcast; CRTM2.3.0avg: using CRTM

2.3.0 with averaged cloud overlap scheme. (left) OmF standard deviations of CRTM2.3.0 and CRTM2.3.0avg

normalized by the OmF standard deviation of CRTM2.2.3. (right) OmF bias. (a),(b) OmF statistics of

AMSU-A (including NOAA-15, NOAA-18, NOAA-19, and MetOp-A) channels; (c),(d) OmF statistics

of ATMS (SNPP) channels. Statistics were computed from the same observations passed quality control in all

of the three simulations over ocean using the same first guess forecasts for the period from 0000 UTC 10 Jul to

1800 UTC 20 Jul 2017.
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where r is the hydrometeor density, q is the hydrome-

teor mixing ratio, and ra is the air density. The densities

(kgm23) of rain, snow, and graupel are 1000.0, 100.0,

and 400.0, respectively, which are consistent with the

definitions in the CRTM. The effective radius defined

in Eq. (1) represents the mean radius for scattering.

Figure 1 shows the scatterplot of effective radius versus

water content, and the histogram of effective radius for

the precipitation species computed from all AMSU-A

and ATMS observation locations over ocean of a single

analysis. With the same amount of water content, snow

has the largest effective radius, which is alsomorewidely

distributed.

The CRTM, version 2.3.0, has some enhancements

for all-sky radiance assimilation. For example, the

modeling of surface reflection under scattering condi-

tion has been improved by including reflection cor-

rection to remedy the missing diffuse radiation being

reflected toward the viewing direction (Liu et al. 2015).

Another upgrade in CRTM 2.3.0 enables the treatment

of subgrid cloud and precipitation variability in radia-

tive transfer with four cloud overlap schemes (van

Delst et al. 2016). Since the goal of this study is to ex-

pand the all-sky radiance assimilation framework to

include precipitating hydrometers, it would be better to

evaluate this new framework based on the improved

radiative transfer.

The implementation of the cloud overlap schemes in

CRTM 2.3.0 is a two-column approach. The all-sky

brightness temperature is the weighted average of the

brightness temperature from the clear and the cloudy

subcolumns of the grid box. The hydrometeor-weighted

average cloud overlap scheme proposed by Geer et al.

(2009) was utilized to compute the overall cloud fraction

[Eq. (5) of Geer et al. 2009]. The cloud fraction of each

layer was computed at each outer loop using the GFDL

microphysics cloud fraction scheme.

The impact of upgrading the CRTM to version 2.3.0,

as well as the impact of including the treatment of sub-

grid cloud variability using the average cloud overlap

scheme are presented Fig. 2. Figure 2 compares the

observation minus first guess (OmF) standard devia-

tions and biases of simulations using CRTM 2.2.3 as-

suming overcast (CRTM2.2.3), CRTM 2.3.0 assuming

overcast (CRTM2.3.0), and CRTM 2.3.0 with the av-

erage cloud overlap scheme (CRTM2.3.0avg). For all

three simulations, the brightness temperatures were

generated from the same first guess forecasts at C384

centered at synoptic times for a period from 10 to 20 July

2017. The OmF statistics were calculated for the ob-

servations over ocean in all-sky condition. The same

observations that passed quality control in all three

simulations were used in the comparison. The OmF

standard deviations of CRTM2.3.0 and CRTM2.3.0avg

are normalized with respect to CRTM2.2.3. Negative

normalized standard deviation means reduction of the

standard deviation relative to CRTM2.2.3. The upgrade

of CRTM to version 2.3.0 significantly reduces the posi-

tive biases of lower channels of AMSU-A (channels 1–4)

andATMS (channels 1–5) (Figs. 2b,d). It also reduces the

OmF standard deviations of channels sensitive to hydro-

meteors. Including a cloud overlap scheme can further

improve the simulated brightness temperature with even

smaller OmF standard deviations. It largely reduces the

negative OmF bias that might be overcorrected by CRTM

2.3.0 for AMSU-A channel 15. We also tested other cloud

overlap schemes available in CRMT 2.3.0 and found that

the average overlap scheme produced overall the best

results. Therefore, the CRTM, version 2.3.0, with the

average cloud overlap scheme was employed in the new

all-sky radiance assimilation framework.

When initially running the new all-sky framework, it

was found that the number of observations assimilated

was significantly less than that in the original all-sky

framework, although additional precipitation-affected

radiances were supposed to be assimilated. Many more

observations were rejected by surface emissivity sensi-

tivity check, which was inherited from the original

framework. Radiances from surface sensitivity channels

FIG. 3. Emissivity Jacobian (K) ofAMSU-A(includingNOAA-15,

NOAA-18,NOAA-19, andMetOp-A) channel 2 calculated from the

CRTM (a) before and (b) after the code error correction.
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are excluded, when the ratio between OmF and surface

emissivity Jacobian is larger than an empirical threshold.

This quality control is more critical for observations

over land, and it is relaxed, where cloud liquid water

path retrieved from observed brightness temperature is

larger than 0.1 kgm22 (Zhu et al. 2016, 2019). The sur-

face emissivity Jacobians produced by the CRTM under

scattering condition contains a lot of small negative

FIG. 4. (a) Mean vertical profiles of the hydrometeors and mean Jacobians of (b) cloud liquid water (clwc),

(c) cloud ice (ciwc), (d) rain (rwc), (e) snow (swc), and (f) graupel (gwc) for ATMS channels 1, 2, 3, 16, 17, and 18.

The profiles are averaged over locations with precipitation water path larger than 0.01 kgm22.
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values in surface-sensitive channels (e.g., AMSU-A

channel 2 in Fig. 3a). The negative surface emissivity

Jacobians are not physically meaningful because larger

surface emissivity should produce higher brightness

temperature. The problem was caused by a CRTM code

error. Surface emissivity Jacobians for surface-sensitive

channels became all positive (Fig. 3b), after the error

was corrected. Besides quality control, surface emissiv-

ity Jacobian is also used in observation error inflation,

and it is a bias correction predictor. Therefore, the fix is

essential if precipitation-affected radiances are assimi-

lated using the CRTM. The correction of the code error

will be included in the next CRTM release and it is also

documented in Liu et al. (2019).

To help understand the impact of the hydrometeors

on the OmF statistics in later discussion, the CRTM

calculated brightness temperature Jacobians with

regard to the hydrometeors are presented in Fig. 4.

Figure 4 shows the mean vertical profiles of the hydro-

meteors and the mean Jacobians for selected ATMS

channels in the presence of precipitation. All the se-

lected channels, except for channel 18, show positive

sensitivity to cloud liquid water and negative sensitivity

to cloud ice (Figs. 4b,c). Channel 18 shows almost no

sensitivity to cloud ice and very small negative sensi-

tivity to cloud liquid water in the middle troposphere.

The brightness temperature Jacobians for rain have pos-

itive values in lower-frequency channels (channels 1, 2,

FIG. 5. Histograms of OmF for the period of July 2017 from ATMS (a),(b) channel 2 (31.4v GHz); (c),(d) channel

16 (88.2v GHz); and (e),(f) channel 17 (165.5h GHz). (left) OmF of all observations normalized by the data sample

standard deviation in the original all-sky framework (org, blue) and in the new all-sky framework (new, red). (right)

OmF of all (blue) and assimilated (red) observations normalized by the symmetric observation errors in the new

framework. Gaussian distribution is shown as the black curves.
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and 3), and have negative peaks above the top of the rain

layer in higher-frequency channels (channels 16, 17, and

18). All these channels show negative sensitivities to

both snow and graupel due to their scattering effects

(Figs. 4e,f). Channels 16 and 17 have larger sensitivities

to snow and graupel than other channels.

b. Observation error

The observation errors were estimated based on the

symmetric cloud amount (Geer and Bauer 2011; Geer

et al. 2012). The symmetric cloud amount is defined as

CLW5
CLW

FG
1CLW

OBS

2
, (2)

where CLWFG and CLWOBS are the retrieved cloud

liquid water (kgm22) computed from the first guess and

observed brightness temperature using the retrieval

formula of Grody et al. (2001) and Weng et al. (2003)

[see Eq. (1) of Zhu et al. 2016]. The symmetric obser-

vation errors were estimated by linear fitting the stan-

dard deviations of OmF binned by CLW.

The left panels of Fig. 5 compare the histograms of

OmF from selected ATMS channels that cover low,

middle, and high frequencies in the original (blue) and

the new (red) all-sky frameworks. The data sample

contains OmF of all observations passed data thinning

without applying any quality control. The OmF nor-

malized by the standard deviation of the data sample

shows similar non-Gaussian characteristics in both the

original and the new all-sky frameworks. The OmF

distributions are right skewed in channel 2 and become

more left skewed in higher-frequency channels. The new

framework slightly reduces the negative skewness of

channel 16. The data sample in the new framework

contains more large FG departures. The symmetric ob-

servation errors defined in Table 1 of Zhu et al. (2016)

for AMSU-A channels and in Table 3 of Zhu et al.

(2019) for ATMS channels are generally valid in the

current configuration of the new framework and are

used in this study. Although the standard deviations of

OmF in the new framework are larger, the original

symmetric observation errors were inflated for most of

the channels sensitive to hydrometeors, and observa-

tions with large FG departures were excluded by quality

control. The right panels of Fig. 5 show the histogram of

OmF normalized by those symmetric observation errors

for all observations (blue) and assimilated observations

(red). The symmetric observation error normalized OmF

distributions are closer to Gaussian distribution, espe-

cially for assimilated observations.

The situation dependent observation error inflation

employed in Zhu et al. (2016) was also used in this study.

The additional inflations based on a few physical factors

aim to moderate the impact of observations with large

FG departures. The final observation error variance is

the sum of the symmetric observation error variance and

the variances of the inflated errors (Zhu et al. 2016). The

situation dependent observation error inflation made

additional 20%–40% reduction in the standard devia-

tions of the normalized OmF in channels sensitivity to

hydrometeors.

c. Quality control

Precipitation screening used in the original all-sky

framework was removed in the new framework, so that

precipitation-affected radiances can be restored for as-

similation. Figure 6a shows all the AMSU-A obser-

vations passed data thinning before quality control

being applied in a single cycle example. The obser-

vations in red are detected as precipitation-affected

radiances based on the empirical formula of Eqs. (4)

and (5) in Zhu et al. (2016). These observations are

the additional radiances restored for assimilation in

FIG. 6. (a) Locations of all AMSU-A observations (including

NOAA-15,NOAA-18,NOAA-19, andMetOp-A) that passed data

thinning without quality control being applied at 0000 UTC 15 Jul

2017. Observations that meet the precipitation screening criterion

are shown in red. These observations are rejected in the original all-

sky framework but are kept for potential assimilation in the new

all-sky framework. (b) AMSU-A channel 15 maximum layer

single-scattering albedo of assimilated observations in the new all-

sky framework.
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the new framework but are excluded in the original

framework.

It will be shown later that the FG departures have large

biases in deep-convection regions. Thequality control based

on the cloud effect of channel 5/6 for AMSU-A/ATMS

(Geer et al. 2012; Zhu et al. 2016, 2019) was retained to

screen out observations in deep-convection regions.

The cloud effect is defined as the difference between all-

sky brightness temperature (observed or simulated) and

simulated clear-sky brightness temperature. To avoid

biases caused by asymmetric sampling (Geer et al.

2012), both observed and simulated cloud effect were

used to screen out observations in the new framework

when either of them is less than 20.5K.

FIG. 7. (a),(d) Normalized differences of observation counts; (b),(e) OmF standard deviations; and (c),(f) OmF biases of (top) AMSU-

A (includingNOAA-15,NOAA-18,NOAA-19, andMetOp-A) channels and (bottom) ATMS (SNPP) channels for the period from 1 Jul

to 31 Aug 2017. The observation counts of the QLQI and ALLQ are normalized by the CNTL values. The statistics are for all the

observations over ocean that passed data thinning without quality control being applied. The OmF statistics are computed after bias

correction.

TABLE 1. List of experiments.

Experiment Control variable CRTM

Precipitation

screening Update hydrometeors

CNTL Cloud water 2.2.3 Yes No

QLQI Cloud liquid water and cloud ice 2.2.3 Yes No

ALLQ Cloud liquid water, cloud ice, rain,

snow, and graupel

2.3.0 with averaged cloud

overlap scheme

No No

ALLQ_cycle_hydro Cloud liquid water, cloud ice, rain,

snow, and graupel

2.3.0 with averaged cloud

overlap scheme

No Yes
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The gross error check in the original all-sky frame-

work is based on the OmF normalized by the final

observation error (Zhu et al. 2016, 2019). The final ob-

servation error involves various situation dependent

error inflation, especially for observations assimilated in

all-sky approach. In this new framework, we tightened

the gross error check by using the symmetric observa-

tion error normalized OmF to screen out observations,

when it is greater than 2.5. By examining the extra ob-

servations screened out by the modified gross error

check, we found that most of the observations indicated

large disagreement with the FG in terms of cloud loca-

tion and cloud amount. The attempt was to exclude the

observations with very large OmF and mismatched

cloud information instead of inflating their observation

errors. The latter can contribute to the non-Gaussianity

of the normalized OmF (e.g., Fig. 6 of Zhu et al. 2016).

Excluding those observations may also reduce model

shocks due to large differences in cloud location and

cloud amount between FG and observations.

The assimilated AMSU-A channel 15 observations in

the new framework are shown in Fig. 6b. Comparing to

Fig. 6a, the blank areas in Fig. 6b are observations tossed

by quality control, whichmainly rejected observations in

deep-convection regions. The quantity shown in Fig. 6b

is the maximum single-scattering albedo of the vertical

layers computed in the CRTM. The threshold of 10210 is

used to determine whether scattering radiative transfer

will be turned on in the CRTM. In high-frequency

channels like channel 15, the maximum single-

scattering albedo in all assimilated observation lo-

cations are greater than 10210. Therefore, scattering

radiative transfer is activated in all those observation

locations. In lower-frequency channels, such asAMSU-A

channels 1 and 2, which are less sensitive to scattering,

about 75%of the assimilated observations are simulated

with multiple scattering turned on (not shown). In the

CRTM, nonprecipitating hydrometeors (cloud liquid

water and cloud ice) are assumed to be very small par-

ticles comparing to the microwave wavelengths, and

their scattering effects are ignored with their single-

scattering albedos hardcoded to be zero. Without pre-

cipitating hydrometeors present in the original all-sky

framework, radiative transfer is always solved in emission

mode. Although some of the restored precipitation-

affected radiances were excluded by other QC proce-

dures in the new framework, they are a small part of the

observations where significant scattering was detected in

the model forecast (Fig. 6b).

4. All-sky radiance assimilation experiments and
results

a. Experiments

Four experiments (Table 1) were conducted to evaluate

the performance of this upgraded all-sky radiance assim-

ilation framework. The control experiment (CNTL) uti-

lized the original all-sky radiance assimilation framework

FIG. 8. (a) Cloud LWP (kgm22) and (b) cloud IWP (kgm22) of the CNTL and the differences of (c) LWP and

(d) IWP between the CNTL and the QLQI (QLQI 2 CNTL) at 0000 UTC 15 Jul 2017.
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adopted for the FY19 FV3GFS, in which the normalized

CW was the cloud control variable. We conducted an

intermediate experiment QLQI to understand the ef-

fects of the cloud decomposition. TheQLQI experiment

was identical to the CNTL, except that the normalized

Ql and Qi were the cloud control variables. Two other

experiments, ALLQ and ALLQ_cycle_hydro, were

based on the new all-sky radiance assimilation frame-

work, in which the model state variables and cloud

control variables were expanded to include precipitating

hydrometeors. The analysis increments of the hydro-

meteors were used to update the model state for the

forecast in theALLQ_cycle_hydro experiment but were

not in the ALLQ experiment.

All the experiments utilized the same cold-start initial

condition from the operational GSM GFS for both the

control and ensemble. The experiments were run at a

reduced horizontal resolution of C384 (;25km) for the

control and C192 (;50 km) for the ensemble. The ex-

periment period is from 16 June 2017 to 31 August 2017.

Variational bias correction coefficients were spun up

from zero in all the experiments.

b. Data usage and FG departure statistics

The characteristics of the FG departure and data usage

are evaluated for CNTL, QLQI, and ALLQ experiments

in this section. Figure 7 compares the data counts and

OmF statistics of all the AMSU-A and ATMS observa-

tions passed data thinning for the three experiments using

different cloud control variables. Quality control is not

applied for the data sample shown in Fig. 7. For both

AMSU-A andATMS channels, only radiance over ocean

are assimilated in all-sky approach. Therefore, the sta-

tistics compared here are from radiances over ocean.

Figures 7a and 7d show that there is little difference

between the CNTL and the QLQI in the number of

observations passed data thinning, which is expected

because the data thinning procedures in the two exper-

iments are identical and precipitation screening was

applied in both experiments. The 0.7%–0.9% increases

of observations in the ALLQ experiment is mainly due

to the removal of the precipitation screening in the data

thinning procedure. The data thinning does not distin-

guish channels at the same observation location. When

precipitation screening is relaxed, all channels at a cer-

tain observation location can be restored for potential

assimilation. Therefore, the observations passed data

thinning are uniformly increased over all the channels in

the ALLQ experiment. The CNTL and the QLQI ex-

periments have different OmF statistics because cloud

liquid water and cloud ice are partitioned from cloud

water in the CNTL, whereas cloud liquid water and

FIG. 9. One-month averaged OmF (K) distributions of July 2017. The OmFs are from all observations over ocean without quality

control being applied. (a)–(c) ATMS channel 2 (31.4v GHz), (d)–(f) channel 16 (88.2v GHz), and (g)–(i) channel 17 (165.5h GHz).

Experiments compared are (left) CNTL, (center) QLQI, and (right) ALLQ.
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cloud ice directly come from the model forecast in the

QLQI experiment. Without using the empirical de-

composition, QLQI has smaller OmF standard devia-

tions in the imaging channels and lower troposphere

temperature sounding channels for both AMSU-A

(channels 1–4 and 15) and ATMS (channels 1–5 and

16) (Figs. 7b,e). The QLQI has larger positive biases in

channels 1 and 2 of both AMSU-A and ATMS, and

smaller negative bias in channel 15/16 ofAMSU-A/ATMS

comparing with the CNTL (Figs. 7c,f). This indicates

that the QLQI FG brightness temperature is generally

colder than that of the CNTL in those cloud-sensitive

channels. The FG cloud liquid water path (LWP) and

cloud ice water path (IWP) of a single simulation using

the setups of the two experiments are compared in

Fig. 8. The QLQI generally has less cloud liquid water

and more cloud ice than the CNTL, especially, in areas

with thick clouds. In the CRTM, decreasing cloud liquid

water and increasing cloud ice reduce brightness tem-

perature due to their positive and negative Jacobians for

those channels as shown in Figs. 4b and 4c. Therefore,

the QLQI tends to have colder simulated brightness

temperature than the CNTL.

When precipitating hydrometeors are present in the

ALLQ experiment, the OmF standard deviations are

larger than the CNTL in channels sensitive to hydro-

meteors, except for channel 15/16 of AMSU-A/ATMS.

The ALLQ experiment has larger positive bias in im-

aging channels 1 and 2 for both AMSU-A and ATMS,

and larger negative biases in moisture sounding chan-

nels 18–22 of ATMS. The model may have larger error

in predicting the location and intensity of precipitation.

The optical properties of the precipitating hydrome-

teors, particularly, the scattering properties for snow

and graupel, may also be modeled inaccurately in the

CRTM. These two sources of errors can both contribute

to the larger OmF standard deviations and biases when

precipitating hydrometeors are included.

The spatial distributions of the one-month averaged

OmF from the three experiments are compared in Fig. 9.

Channels 2 (31.4GHz), 16 (88.2GHz), and 17 (165.5GHz)

of ATMS, which are most representative of the OmF

FIG. 10. As in Fig. 7, but for assimilated observations over ocean.
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differences among the experiments, are selected. The

characteristics of the OmF distributions in AMSU-A

equivalent channels are similar. The positive bias in

ATMS channel 2 is mainly located in the intertropical

convergence zone (ITCZ) and in high-latitude areas in

the Southern Hemisphere. This may be caused by the

lack of clouds in those areas. Fewer liquid clouds and

more ice clouds can also contribute to the larger positive

bias as can be seen by comparing the QLQI with the

CNTL in Figs. 9a and 9b. Adding rain can reduce the

positive bias because of the positive Jacobian of rain in

channel 2 (Fig. 4d), but this is offset by the scattering

effects from snow and graupel in the ALLQ experiment

(Fig. 9c). In higher-frequency channels, the FG depar-

tures are dominated by negative values. At 88.2GHz,

the negative OmF biases in the CNTL (Fig. 9d) can be

reduced, when cloud liquid water and cloud ice input

to the CRTM are directly from the model output in

the QLQI (Fig. 9e), and can be further reduced by in-

troducing precipitating hydrometeors (Fig. 9f). At

165.5GHz, the ALLQ OmF in the ITCZ shows larger

negative values (darker blue). In the ITCZ, the FG

brightness temperature is already too warm in the

165GHz channel in the QLQI. Including precipitating

hydrometeors makes it even warmer in the ALLQ. In

tropical deep-convection regions, the colder bias ap-

pears in all high-frequency humidity sounding channels

17–22 (Fig. 7f). This may indicate that the scattering

properties of frozen hydrometeors are not optimal in the

CRTM LUTs. The scattering produced by the frozen

hydrometeors may not be enough in high-frequency

channels. The similar scene has been shown as a result of

representing snow as Mie sphere in Geer and Baordo

(2014). Improving scattering properties of frozen hy-

drometeors is another major effort. We will investigate

more on this in the future.

The data counts and OmF statistics of assimilated

observations over ocean are compared for the three

experiments in Fig. 10. Slightly more observations are

assimilated in the QLQI experiment than in the

CNTL. By checking the number of observations ex-

cluded by different QC procedures, it was found that

more observations were rejected in the CNTL due to

larger absolution value of OmF. Here we would like

to focus more on the ALLQ experiment. The num-

ber of assimilated observations further increases in

the ALLQ. Figure 11 shows that the increase in the

number of assimilated observations is largely in the

Southern Hemisphere (SH). The increase in observa-

tion count in the Northern Hemisphere (NH) is small

because the NH has more land coverage and much less

precipitation-affected radiances are detected (Fig. 6a).

For channels sensitive to hydrometeors, the number of

assimilated observations reduces in the tropics. As we

have seen from Fig. 9 that the OmFs in the ALLQ are

larger in the tropical deep-convection region, therefore,

FIG. 11. Latitudinal differences of assimilated number of observations over ocean between

the ALLQ and the CNTL for selected (a) AMSU-A and (b) ATMS channels. The differences

are computed as the number of observations assimilated in the ALLQminus that of the CNTL

over the period of July 2017.
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more observations in the tropics are excluded. The

percentage of increase in observation count is small in

the ALLQ because only a small fraction of the obser-

vations (3.5% and 2.6% for AMSU-A and ATMS, re-

spectively) are detected as precipitation, and most of

them are located in deep-convection regions (Fig. 6a).

The presence of precipitation in the FG, which triggers

the scattering radiative transfer (Fig. 6b), is the main

contributor to the differences in OmF between the new

and the old framework.

The OmF of the ALLQ is closer to the OmF of the

CNTL after QC (Fig. 9) with slightly larger standard

deviations and biases in some of the channels. In gen-

eral, the simulated brightness temperature in the ALLQ

is colder than that in the CNTL due to the scattering

effect of the newly introduced frozen hydrometeors, and

to some extent the differences in the distribution of

cloud liquid water and cloud ice as a result of the cloud

decomposition in the CNTL.

c. Impact on analysis

To understand the impact of cloud and precipitation-

affected radiances on the analysis of model fields,

we conducted two single cycle experiments with only

AMSU-A all-sky radiances assimilated using the origi-

nal (CNTL) and the new all-sky framework (ALLQ).

The same first guess coming from the cycled CNTL ex-

periment was used in both experiments. Figure 12

compares the OmF of assimilated AMSU-A channel 2

radiances and analysis increments of hydrometeors in

the two experiments. The north–south-oriented cloud

and precipitation between 1088 and 1008W is associated

with a front between a low pressure system and a high

pressure system in the Southern Hemisphere (Fig. 13a).

Cloud and precipitation also appear in the low pressure

system and in the area, where the winds from the two

pressure systems converge with polar winds. Note, there

are some observations shown in the ALLQ (Fig. 12b)

FIG. 12. OmF of assimilated AMSU-A channel 2 observations in (a) the original (CNTL) and (b) the new framework (ALLQ)

from a single cycle analysis that only assimilate AMSU-A all-sky radiances with the same first guess centered at 0000 UTC 15 Jul

2017. Other panels are the first guess (black contours) and analysis increment (color shades) valid at t 1 1 h (0100 UTC) of the

assimilation window of cloud liquid (lwp) and cloud ice (iwp) water path (kg m22) in (d),(g) the CNTL and (e),(h) the ALLQ; and

of (c) rain, (f) snow, and (i) graupel water path (kg m22) in the ALLQ. The OmF shown in (a) and (b) are within a 1-h window

centered at 0100 UTC.
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but not in the CNTL (Fig. 12a). For example, in the area

over 428–548S and 1088–1008W, the extra observations

assimilated in the ALLQ are detected as precipitation-

affected radiances, and they are located right in the area

covered by rain, snow, and graupel in Figs. 12c, 12f, and

12i. While those observations were rejected by precipi-

tation screening in the original framework as shown in

the CNTL (Fig. 12a). The analysis increments of cloud

liquid water and cloud ice look similar between the two

experiments, except slight difference in the magnitude

of the increments. Some minor differences can also be

found in areas, where observations are absent in the

CNTL experiment. Generally speaking, the amount of

cloud and precipitation reduces where OmF is negative

and increases where OmF is positive, although the in-

crements of different hydrometeors do not always show

the same sign in the same location due to their different

sensitivities (Fig. 4). For this particular case, the amount

of cloud and precipitation reduces in most of the areas

shown in Fig. 12, which indicates a weaker system.

The peak value of the precipitation in the frontal

cloud is reduced or shifted in the ALLQ experiment

(Figs. 12c,f,i).

Figure 13 shows that the adjustments inmass andwind

fields in the cloudy area are consistent with the changes

in the hydrometeors in both experiments. The low

pressure system is weakened (Figs. 13a,b) accompanied

with anticyclonic wind increments (Figs. 13c,d). The

positive surface pressure increment near the frontal

cloud reflects the reduction of cloud and precipitation

near that area. Negative temperature and moisture in-

crements can be found where the amount cloud and

precipitation are reduced. The increments of mass, wind

and moisture fields are similar in the two experiments,

FIG. 13. First guess and analysis increment of (a),(b) surface pressure (hPa); (c),(d) temperature (K); and (e),(f)

specific humidity (g kg21) in the (left) CNTL and (right) ALLQ from the same single cycle analysis in Fig. 12. The

wind vectors are first guess in (a) and (b), analysis increment in (c) and (d), and analysis in (e) and (f).
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except that themagnitudes of the increments are slightly

large in theALLQexperiment, which reflects the impact

from the additional precipitating hydrometeors.

In the cycled experiments (not shown), negative zonal

mean cloud and precipitation increments can be found

between 608 and 408S. Hydrometeor increments are all

positive in the tropics. The new framework contains

slightly more cloud liquid water in the analysis. In the

comparison of the mean temperature and relative hu-

midity analyses against ECWMF’s analysis, only minor

differences were found between the original and the

new framework. The temperature analysis of the new

framework matches ECWMF’s analysis significantly

better below 600hPa in terms of RMS difference.

d. Impact on forecast skills

The forecast performance of this upgraded all-sky

assimilation framework is evaluated based on the two

and a half months fully cycled CNTL, ALLQ, and

ALLQ_cycle_hydro experiments. The ALLQ_cycle_

hydro is used to evaluate the impact of cycling the hy-

drometeors (without zeroing out analysis increments of

the hydrometeors) in the system. The late data cutoff

(GDAS) analysis (Kleist et al. 2009a) were fully cycled

for all the experiments. The early data cutoff (GFS)

analysis and subsequent 10-day free forecast were only

run for the 0000 UTC cycle. The first 10 days of the re-

sults were disregarded to account for system spinup.

To evaluate the impact on short-range forecast, the

FG fits to other observations were examined. Figure 14

shows assimilated data counts and the fit to theMicrowave

Humidity Sounder (MHS) observations. More MHS

observations were assimilated in both experiments with

precipitating hydrometeors included. The reductions of

the OmF standard deviations of channel 1 and 2 are

quite significant. Although the impact on the OmF stan-

dard deviations in channels 3–5 is neutral, the number of

assimilated observations increased. Generally speaking,

the FG fit to the MHS observations is improved. The FG

fits to in situ wind observations, atmospheric motion

vector (AMV) and Global Positioning System Radio

Occultation (GPS-RO)observationswere also evaluated.

The results are mostly neutral (not shown). The im-

provement in the fit to AMV between 400 and 300hPa is

FIG. 14. Normalized differences of (a) mean assimilated observation counts and (b) OmF standard deviation of

bias-corrected MHS (including NOAA-18, NOAA-19, MetOp-A, and MetOp-B) observations. The normalization

was performed against the CNTL. The error bars indicate the 95% confidence interval.
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significant in both ALLQ and ALLQ_cycle_hydro ex-

periments and more AMV observation were assimilated

between 400 and 250hPa.

Figure 15 shows the differences of the 6-, 24-, and 48

h-forecast fits to radiosonde (raob) specific humidity

observations of the ALLQ experiment with respect to

the CNTL. Globally, the differences of the 6- and 24

h-forecast fits are not statistically significant (Fig. 15a).

Degradation can be found in 6 h-forecast in the tropics,

for example, around 700 hPa and below 900 hPa

(Fig. 15d). The 48 h-forecast fit to the observations

shows clear improvement in the lower and upper tro-

posphere (Fig. 15a). The improvement mainly comes

from the Northern Hemisphere (Fig. 15b). There is also

marginal improvement around 700 hPa in the Southern

Hemisphere and near 300hPa in the tropics. There is no

significant difference between theALLQ and the CNTL

in the forecast fit to raob temperature observations (not

shown) in the Northern and Southern Hemispheres.

Degradation was found in the upper troposphere be-

tween 300 and 100 hPa in the tropics. Similar conclusion

applies to the ALLQ_cycle_hydro experiment.

For long-term forecast, forecast scores were com-

puted by comparing the forecast from each experiment

against their own respective analyses. The upgraded all-

sky framework performs better when comparing the

average anomaly correlation of 500-hPa geopotential

height for the period covering 26 June–31 August 2017

(Fig. 16). The improvement in the Northern Hemisphere

is significant at the 95%confidence level on day 4 and day

FIG. 15. The change of forecast fit (RMS of observation minus forecast) to radiosonde specific humidity obser-

vations (g kg21) of the ALLQ with respect to (a) the CNTL globally, (b) in the Northern Hemisphere, (c) the

Southern Hemisphere, and (d) the tropics.
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5 for both ALLQ and ALLQ_cycle_hydro. In the

SouthernHemisphere, the improvement is significant up

to day 4 when cycling the hydrometeors.

The temperature and wind vector RMS forecast er-

rors of ALLQ and ALLQ_cycle_hydro relative to the

CNTL are displayed in Figs. 17 and 18. Negative values

indicate smaller RMS forecast errors relative to the

CNTL, therefore, improved forecast. In terms of tem-

perature forecast, the upgraded system shows significant

improvement from day 1 to day 4 in the Southern

Hemisphere and up to day 6 in the tropics in the lower

troposphere at 850hPa (Figs. 17h,i). In the Southern

Hemisphere, significant improvement is also shown in

short-range forecast in the middle and upper troposphere

at 500 and 200hPa (Figs. 17c,f). The results in the

Northern Hemisphere is mixed. Cycling the hydrome-

teors is generally better or comparable to the experi-

ment without cycling the hydrometeors in the Northern

and Southern Hemispheres. The upgraded system shows

some degradation in temperature forecast at 500 and

200hPa in the tropics, while most of the differences are

not statistically significant. The RMS forecast error dif-

ference of vector wind (Fig. 18) with respect to the CNTL

shows similar patterns in the Northern and Southern

Hemispheres comparing to the RMS forecast error dif-

ference of temperature and the RMS error difference of

the geopotential height (not shown). In the Southern

Hemisphere, significant improvement can be found at 500

and 850hPa. The impact is mixed in the Northern

Hemisphere. There is no significant impact in the tropics.

The precipitation forecasts were evaluated following the

fuzzy verification used in Chambon and Geer (2017) based

on the method and the fractions skill score (FSS) described

in Roberts and Lean (2008). The model forecast 24-h pre-

cipitation accumulations were verified against the TRMM

precipitation estimates using four neighborhood sizes

ranging from 25 to 200 km. Figure 19 shows the 12–36-h

forecast accumulated precipitation FSSs of ALLQ

and ALLQ_hydro_cycle relative to the CNTL. Some im-

provements can be found at 40- and 100-mm rainfall

thresholds, but they are not statistically significant at the

99%confidence level.No statistically significant impactwas

found in longer-term precipitation forecasts (not shown).

5. Summary and future work

The main effort of this work is to upgrade the all-sky

radiance assimilation framework, in order to include the

FIG. 16. (a),(b) ACC of geopotential height at 500 hPa and (c),(d) the normalized change with respect to the CNTL

for ALLQ (red) and ALLQ_cycle_hydro (green) in the (left) Northern and (right) Southern Hemispheres. The

forecasts were initialized at 0000 UTC and verified against their own analysis. The verification period is from 26 Jun

to 31 Aug 2017. The error bars indicate the 95% confidence interval.
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full set of hydrometeors into the assimilation system for

the FV3GFS. Cloud liquid water, cloud ice, rain, snow,

and graupel become model prognostic variables, as the

microphysics scheme has been upgraded to the more

advanced GFDL microphysics scheme. The five indi-

vidual hydrometeors are used as the new control vari-

ables. This upgraded all-sky assimilation framework

allows the assimilation of not only cloudy, but also

precipitation-affected radiance. In this study, AMSU-A

andATMS radiances over ocean were assimilated in all-

sky approach.

In the upgraded framework, precipitation screening is

removed in data thinning and quality control. The latest

released CRTM 2.3.0 is used to more accurately simu-

late microwave brightness temperature under scattering

conditions. The two-column averaged cloud overlap

FIG. 17. The change in temperature RMS forecast error (K) with respect to the CNTL for ALLQ (red) andALLQ_cycle_hydro (green)

in the (left) Northern Hemisphere, (center) tropics, and (right) Southern Hemisphere at (a)–(c) 200, (d)–(f) 500, and (g)–(i) 850 hPa. The

verification period is from 26 Jun to 31 Aug 2017. The error bars indicate the 95% confidence interval. Reduced RMS error indicates

better forecast.
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scheme is used to account for subgrid-scale cloud vari-

ability. A CRTM code error that produces negative

surface emissivity Jacobian under scattering condition in

surface-sensitive channels has been fixed.

An intermediate step of using individual hydrome-

teors as control variables is replacing the single cloud

control variable CW with QL and QI directly output

from the model. This change helped improve the FG fit

to the observations and allowed slightly more observa-

tions to be assimilated. On the other hand, the increased

OmF bias in some areas due to this change reveals po-

tential model bias. For example, the increased OmF

positive bias near 608S indicates that the model may

have insufficient cloud liquid water and too much cloud

ice in those areas. The scene is similar to what has been

found in ECWMF’s system years ago (Geer and Bauer

2010), which appears in cold-air outbreak region.

Screening criteria (Lonitz and Geer 2015) is used to

exclude observations affected by the systematic bias in

ECWMF’s system. Applying this screening criteria in

FIG. 18. As in Fig. 17, but for the wind vector RMS forecast error (m s21).
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our system will be evaluated in our future work. On the

other hand, we will work with model experts to address

this model bias.

Including precipitation-affected radiance in the

upgraded system using all five hydrometeors as control

variables generally increased the first guess departures

of AMSU-A and ATMS channels sensitive to hy-

drometeors. In the tropical deep-convection region,

including precipitating hydrometeors increased the

negative OmF bias in high-frequency channels. This is

likely caused by the inappropriate scattering properties

of frozen hydrometeors in the CRTM LUTs. In other

areas, including precipitating hydrometeors helped off-

set negativeOmF bias in high-frequency channels. After

quality control, about 1.0%–1.7% (0.7%–1.2%) more

AMUS-A (ATMS) observations were assimilated. The

main increase in data counts occurred in the Southern

Hemisphere. The small amount of the additional ob-

servations does not reflect all the differences between

the original and the new framework because a larger

amount of observations falls into the precipitation areas

in the FG where multiple scattering radiative transfer is

activated in the new framework.

The single cycle experiments that only assimilate

AMSU-A all-sky radiances reveal that the 4DEnVar

system is able to infer model dynamical fields from

cloudy and precipitation-affected radiances. This is

similar to the general tracing effect discussed in Geer

et al. (2014). The upgraded framework provides analysis

increments of precipitating hydrometeors and has im-

pact on the magnitude of the analysis increments of

other model fields, which will impact the subsequent

forecast.

Overall, the upgraded all-sky assimilation system has

neutral to positive impact on forecast skills. The impact

on the FG fits to other observations are mostly neutral,

with improvement found in the FG fit to the MHS ob-

servations. The forecast fit to radiosonde specific hu-

midity observations is improved in the lower and upper

troposphere in 48h forecast. The 500-hPa ACC is

FIG. 19. Normalized differences of mean fraction skill scores of 24-h (12–36 h) accumulated precipitation forecasts verified against

TRMM precipitation estimates for ALLQ (red) and ALLQ_cycle_hydro (green) with respect to the CNTL. The rainfall thresholds

selected for the verification are shown at the top of the panels. The error bars indicate the 99% confidence interval.
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generally better with statistically significant improvement

found in both Northern and Southern Hemispheres.

Significant improvement is also seen in temperature

forecast in the Southern Hemisphere and at 850hPa in

the tropics. The impact on wind forecast is generally

neutral with some improvement seen in the Southern

Hemisphere. The new framework has neutral impact on

precipitation forecast. Cycling the hydrometeors shows

comparable or sometimes better forecast skills.

This work is an initial effort on all-sky microwave

radiance assimilation in the presence of precipitation in

the FV3GFS. The main limitation is that precipitation-

affected radiances in deep-convection regions could

not be used, while those regions are often associated

with high impact weather such as hurricanes. Research

has been conducted to improve scattering properties

of frozen hydrometers by using nonspherical particle

shapes (Geer and Baordo 2014; Stegmann et al. 2018;

Sieron et al. 2018). Sieron et al. (2017) constructed new

CRTM LUTs based on microphysics-consistent particle

size distributions. The impact of using the new CRTM

LUTs based on some of these studies will be assessed.

Applying the discrete dipole approximation (Draine

and Flatau 1994; Liu 2008) with optimally selected

particle shape for frozen hydrometeors as demonstrated

in Geer and Baordo (2014) will be explored. The impact

of assimilating cloudy and precipitation-affected radi-

ance in high impact weather such as hurricanes will be

investigated as the radiative transfer improves. Besides

improving radiative transfer, efforts will be devoted to

including convective cloud and tuning the model mi-

crophysics and/or convective schemes to improve the

FG fit to the radiance observations.
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