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ABSTRACT

Bias correction (BC) is a crucial step for satellite radiance data assimilation (DA). In this study, the tra-

ditional airmass BC scheme in the National Centers for Environmental Prediction (NCEP) Gridpoint

Statistical Interpolation (GSI) is investigated for Cross-track Infrared Sounder (CrIS) DA. The ability of the

airmass predictors to model CrIS biases is diagnosed. Correlations between CrIS observation-minus-

background (O 2 B) samples and the two lapse rate–related airmass predictors employed by GSI are

found to be very weak, indicating that the bias correction contributed by the airmass BC scheme is small. A

modified BC scheme, which directly calculates the moving average of O 2 B departures from data of the

previous 2 weeks with respect to scan position and latitudinal band, is proposed and tested. The impact of the

modified BC scheme on CrIS radianceDA is compared with the variational airmass BC scheme. Results from

1-month analysis/forecast experiments show that the modified BC scheme removes nearly all scan-dependent

and latitude-dependent biases, while residual biases are still found in some channels when the airmass BC

scheme is applied. Smaller predicted root-mean-square errors of temperature and specific humidity and

higher equivalent threat scores are obtained by the DA experiment using the modified BC scheme. IfO2 B

samples are replaced by observation-minus-analysis (O 2 A) samples for bias estimates in the modified BC

scheme, the forecast impacts are reduced but remain positive. A convective precipitation case that occurred

on 21 August 2016 is investigated. Using themodified BC scheme, the atmospheric temperature structure and

the geopotential height structures near trough/ridge areas are better resolved, resulting in better precipitation

forecasts.

1. Introduction

The good performance of numerical weather forecasts

highly depends on the accuracy of initial conditions. In

modern numerical weather prediction (NWP), optimal

analysis fields are estimated from previous model fore-

casts and multisource meteorological observations by

data assimilation (DA). Compared with conventional

observational data, satellite measurements can observe

atmospheric structures with better spatial and temporal

coverages. Sensitive to the temperature and humidity of

the atmospheric and/or the Earth surface conditions,

satellite infrared and microwave radiances are of great

value in support of NWP. Among the operational uses

of infrared radiances, hyperspectral infrared radiance

sounders, such as the Atmospheric Infrared Sounder

(AIRS; Aumann et al. 2003), the Infrared Atmospheric

Sounding Interferometer (IASI; Klaes et al. 2007), and

the Cross-track Infrared Sounder (CrIS; Han et al. 2013),

have become increasingly important and demanding

because atmospheric information at high vertical reso-

lutions is provided by their large numbers of channels.Corresponding author: Dr. X. Zou, xzou1@umd.edu
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This is especially so when the atmospheric structures

present significant baroclinity (Prunet et al. 1998).

Like earlier hyperspectral sounders (i.e., AIRS and

IASI), CrIS is now widely used in operational centers

around the world and provides important support for

NWP (Collard et al. 2012; Eresmaa et al. 2017). CrIS

is a hyperspectral Fourier transform spectrometer that

has flown on board the Suomi National Polar-Orbiting

Partnership (S-NPP) satellite since 2011. It provides

infrared radiances in the following three separate spec-

tral bands: longwave infrared (LWIR; 650–1095 cm21),

midwave infrared (MWIR; 1210–1750 cm21), and short-

wave infrared (SWIR; 2155–2550 cm21) bands. The

channel spacing of the LWIP, MWIR, and SWIR bands

is 0.625, 1.25, and 2.5cm21, respectively. Since 18November

2017, CrIS has been on board the Joint Polar Satellite

System-1 (JPSS-1) satellite, which is also known asNational

Oceanic and Atmospheric Administration-20 (NOAA-20).

The newCrIS operates with a full spectral resolution (FSR)

and a uniform channel spacing of 0.625cm21 over the three

LWIP, MWIR, and SWIR bands.

Aimed at improving the assimilation of CrIS radi-

ances in NWP applications, some efforts have been

made focusing on channel selection (Gambacorta and

Barnet 2013), bias characterization (Smith et al. 2015;

Li and Zou 2017), cloud detection (Liang and Weng

2014; Lin et al. 2017), and interchannel error correc-

tions (Eresmaa et al. 2017). Among these efforts, bias

correction (BC) is regarded as a basic step to do be-

fore satellite radiance DA (Dee 2005). One reason is

that since the background and observation errors are

assumed to be unbiased Gaussian in DA, relative biases

between satellite-observed and model-simulated radiances

should be removed as a necessary condition formeeting this

requirement. Another reason is that corrected brightness

temperatures are also necessary for other processes within

DA, such as cloud detection (McNally and Watts 2003),

which depends on observation-minus-background (O2 B)

departures (Auligné and McNally 2007).

Biases between satellite-observed andmodel-simulated

radiances arise from instrument errors, limitations of the

radiative transfer model (RTM), inaccurate preprocess-

ing (i.e., cloud detection), and errors in the NWP model

background. Tracing back to the very beginning of

satellite DA, the BC term was treated as a global offset

for each channel at NWP centers such as the European

Centre for Medium-Range Weather Forecasts (Kelly and

Flobert 1988). Eyre (1992) discussed the airmass-dependent

nature of radiance biases and proposed a BC scheme for

Television and Infrared Observation Satellite Operational

Vertical Sounder (TOVS) radiances. Brightness temper-

ature observations from Microwave Sounding Unit chan-

nels 2, 3, and 4 were used as bias predictors for all satellite

measurements. Harris and Kelly (2001) proposed an

updated BC scheme that replaced observation-based

predictors by NWP model-based predictors. These

earlier airmass BC schemes were designed to correct

the scan-varying and geographically varying compo-

nents of satellite data biases. The coefficients of the

predictors were generated by an offline multiple linear

regression using samples of O 2 B departures prior to

assimilation times. With the purpose of updating the

airmass BC during the analysis, the variational BC was

then developed (Derber and Wu 1998; Dee 2004;

Auligné et al. 2007; Zhu et al. 2014a), which allowed

the coefficients of airmass predictors to be adjusted

together with the analysis control variables in the DA

system. These variational schemes take account of the

time-varying feature of satellite biases and also take

advantage of constraining the corrections by other

sources of observational data.

The BC scheme currently used for CrIS radiances in

the National Centers for Environmental Prediction

(NCEP) Gridpoint Statistical Interpolation (GSI) sys-

tem originates from the airmass method discussed pre-

viously. The BC scheme for CrIS radiance DA shares

the same set of airmass predictors as other earlier sat-

ellite instruments (e.g., the High-Resolution Infrared

Radiation Sounder, AIRS). In essence, the airmass BC

scheme is based on the idea that the scan-dependent and

geographical-dependent components of biases can be

modeled by a linear combination of the selected pre-

dictors. As a premise, it is necessary to diagnose if the

model-based predictors in the GSI system could char-

acterize the CrIS bias features of all the channels

that are operationally assimilated. If the correlations

between the O 2 B samples and the GSI-selected pre-

dictors are weak, the linear regression of the O 2 B to

these predictors may be inefficient. On the other hand,

as calibration and validation technologies have ad-

vanced (Goldberg et al. 2011; Chander et al. 2013), satel-

lite data quality has greatly improved during the last

30 years. For CrIS, high data accuracy (Han et al. 2013) is

supported by comprehensive efforts, including radio-

metric calibration (Tobin et al. 2013), spectral calibra-

tion and validation (Strow et al. 2013), and geometric

assessment (Wang et al. 2013). As a result, satellite

measurement biases are assumed to be much less sig-

nificant than before. From this point of view, it is

meaningful for this study to examine whether a simpler

BC scheme based on a statistical approach that directly

samples O 2 B departures from previous time periods

can serve as a substitute for the more complex airmass

BC scheme.

The article is organized as follows. CrIS radiance

data that are used in operational NWP are discussed in
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section 2. In section 3, the dependence of CrIS biases on

the airmass predictors employed by theNCEPGSI system

is diagnosed by investigating a clear-sky O 2 B data

sample. In section 4, a simpler modified BC scheme

that takes into account the dependences of bias on lat-

itude and scan angle is proposed for CrIS assimilation.

Section 5 examines the impact of the modified BC

scheme on CrIS radiance DA in a regional NWP ap-

plication and compares this with the impact of the tra-

ditional GSI airmass BC scheme. Section 6 discusses the

probability of potentially correcting NWP model bias

when the modified BC scheme is used in a regional

model. Summary and conclusions are given in section 7.

2. CrIS data description

In this study, CrIS radiance data from the S-NPP

satellite are used for DA research. As briefly described

in section 1, S-NPP/CrIS is a hyperspectral Fourier

transform interferometer, which has 1305 channels

covering three spectral bands (i.e., LWIR, MWIR, and

SWIR) from 650 to 1095, 1210 to 1750, and 2155 to

2550 cm21, respectively. As a cross-track sounder, CrIS

measures Earth scene views at 30 cross-scan positions,

also known as fields of regard (FORs), in one single

scan. The satellite zenith angles of these FORs vary

from 248.38 to 148.38, with an approximate interval of

3.38. Each FOR consists of a 33 3 array of fields of view

(FOVs), and the approximate radius for the nadir FOV

is 14 km.

Considering the computational feasibility and the in-

terchannel correlation issue, NCEP used a subset of 399

channels out of the original 1305 channels, which were

selected by Gambacorta and Barnet (2013) for NWP

applications. This subset of channels consists of 184

LWIR, 128 MWIR, and 87 SWIR channels, which con-

tain themajority of information presented by the whole-

spectrum 1305 channels. Among the 399 NWP channels,

only 84 channels located in the LWIR carbon dioxide

(CO2) and surface-sensitive band are actively assimilated

in the NCEP GSI system. Other channels located in the

LWIR ozone (O3), MWIR water (H2O), methane, car-

bon monoxide, and nitrous oxide bands, and SWIR

channels serve as monitoring channels. Figure 1a shows

simulated brightness temperatures and corresponding

weighting function (WF) peaks for CrIS LWIR channels

calculated from a typical clear-sky atmospheric profile.

According to the sensitivity analysis by Gambacorta and

Barnet (2013), CrIS LWIR channels cover the bands sen-

sitive to CO2,H2O,O3, and surface temperature. InNCEP

operational use, the 84 actively assimilated channels

(Table 1) consist of stratospheric CO2 channels (indicated

by blue dots), upper- and lower-tropospheric CO2/H2O

channels (indicated by green and orange dots), and surface

channels (indicated by red dots). Figure 1b displays the

vertical distributions of normalized WFs for LWIR chan-

nels. The actively assimilated channels cover high observ-

ing resolutions in the vertical dimension, which provide

meteorological information about the atmospheric layers

extending from the surface to the stratosphere.

3. Dependence of CrIS biases on airmass predictors

a. A brief description of the GSI airmass BC scheme

In this section, we investigate the airmass predictors

used by the NCEP GSI system and diagnose whether

they are correlated to the biases of the CrIS channels.

The five predictors Pn,i,j(x) (n 5 1, . . . , 5) for airmass

correction in the GSI system are summarized as follows:

P
1,i,j

5 0:01

P
2,i,j

5
1

10
3

�
1

cosu
2 1

�2

20:015

P
3,i,j

5 clw3 (cosu)2

P
4,i,j

5 (G
i,j
2G

i
)
2

P
5,i,j

5G
i,j
2G

i
, (1)

TABLE 1. Groups of actively assimilated CrIS LWIR channels.

Group No. Description Channel No. WF peak

1 CO2 channels, stratospheric sounding 37, 49, 51, 53, 59, 61, 63, 64, 65, 67, 69, 71,

73, 75, 79, 80, 81, 83

Above 250 hPa

2 CO2/H2O channels, upper-tropospheric sounding 85, 87, 88, 89, 93, 95, 96, 99, 101, 102, 104, 106,

107, 130, 132, 147, 148

250–650 hPa

3 CO2/H2O channels, lower-tropospheric sounding 116, 120, 123, 124, 125, 126, 133, 136, 137, 138,

142, 143, 144, 145, 150, 151, 153, 154, 155,

157, 158, 159, 160, 161, 162, 163, 164, 165,

166, 168, 170, 171, 173, 175

Below 650 hPa

4 Surface channels 198, 211, 224, 279, 311, 342, 392, 404, 427, 464,

482, 501, 529, 710, 713

Near surface
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where the subscripts i and j stand for the indices of

channels and scan positions, respectively.

The first predictor is a globally constant offset term.

The second predictor is a function of satellite zenith

angle u, designed for correcting residual scan-dependent

biases. For nonmicrowave sensors, the third predictor

can be neglected because the cloud liquid water (CLW)

is 0. The fourth and fifth predictors are the ‘‘lapse

rate’’ predictors, where the former is the square of the

latter. Parameter Gi,j is the vertical integration of the lapse

rate (Tk21 2Tk11) multiplied by the difference in trans-

mittances (tk11 2 tk) from adjacent vertical levels, where

k indicates the kth vertical level, and K is the total

number of vertical levels. Parameter Gi,j is calculated as

G
i,j
520:013 �

K21

k51

(t
k11

2 t
k
)3 (T

k21
2T

k11
) ; (2)

Gi is the averaged Gi,j over all FORs for the ith channel. In

essence, the fourth and fifth predictors can also be un-

derstood as the lapse rate convolved with the WF.
According to Eq. (1), only the fourth and fifth pre-

dictors actually reflect the airmass nature for infrared

sensors. The temperature lapse rate has different

patterns in different geographical regions and under

different weather conditions, both of which are re-

garded to represent the latitudinal-varying features

of the atmosphere. In addition, the vertical trans-

mittance profiles of the fourth and fifth predictors are

FIG. 1. (a) Brightness temperatures (black curve) and WF peaks (gray curve) for CrIS LWIR

channels calculated by the CRTMusing a typical tropical atmosphere profile. Blue, green, orange,

and red dots indicate the stratospheric channels, upper-tropospheric channels, lower-tropospheric

channels, and surface channels, respectively, which are actively assimilated in the GSI system.

Blackdots indicate the otherLWIRchannels that are used asmonitoring channels. (b)Normalized

WFs for LWIR. The blue, green, orange, and red curves indicate the stratospheric channels, upper-

tropospheric channels, lower-tropospheric channels, and surface channels, respectively.
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designed to reflect instrument and RTM errors. When

the channel frequency is shifted, or the spectroscopy is

inaccurately set in the RTM, the calculated trans-

mittance profile will move up/down in the atmosphere

when the atmosphere is not isothermal. For these

reasons, the NCEP GSI system has employed these

two predictors for airmass BC.

The total airmass BC term is calculated as the sum of

these five scan-dependent and state-dependent pre-

dictors Pn,i,j(x) multiplied by their associated coeffi-

cients bn,i, expressed as�N

n51bn,i 3Pn,i,j(x). The number

N is the total number of predictors. The coefficients

bn,i are updated globally for each channel through the

variational BC scheme (Dee 2004; Auligné et al. 2007;

Zhu et al. 2014a).

Along with the airmass correction term, the GSI BC

also consists of a scan-angle correction term ai,j, updated

offline outside the GSI system as a function of channel

number and scan position. The total bias correction is

represented as

m5 a
i,j
1 �

N

n51

b
n,i
3P

n,i,j
(x). (3)

Finally, in the variational cost function, the BC toward

observation departures is equivalent to applying a

modified observation operator:

~H(x,b)5H(x)1 a
i,j
1 �

N

n51

b
n,i
3P

n,i,j
(x). (4)

Note that Zhu et al. (2014a) proposed a one-step

’variational angle bias correction scheme, in which

the scan-angle component of bias is updated inside

the GSI through a fourth-order polynomial fit. Zhu

et al. (2014b) also introduced an additional emissiv-

ity sensitivity predictor over land and sea for surface-

sensitive channels. These new updates are used in

the global operational model but not in regional

applications.

b. Statistical diagnoses

To investigate the correlation between airmass

predictors and the O 2 B bias of each CrIS channel,

2-week-long offline O 2 B departure statistics are

used, which are sampled covering the period from

3 to 16 September 2016. The Community Radiative

Transfer Model (CRTM; Weng 2007; Han et al. 2007)

is employed as the forward RTM to simulate CrIS

brightness temperatures. NCEP Global Forecast Sys-

tem (GFS) analyses with a horizontal resolution of

0.258 3 0.258, valid at 0000, 0600, 1200, and 1800 UTC,

are used as input to the CRTM. To collocate model

simulations with observed brightness temperatures,

linear temporal and bilinear spatial interpolations are

employed.

Clear-sky CrIS pixels are identified using the col-

located Visible Infrared Imaging Radiometer Suite

(VIIRS) cloud mask (CM) product. As discussed by

Kopp et al. (2014), the VIIRS CM product provides

the cloud probability for each VIIRS pixel at four

confidence levels: confidently cloudy, probably cloudy,

probably clear, and confidently clear. Once the footprints

of CrIS FOVs are computed according to the geolocation

information (Wang et al. 2013), the clear fraction can be

calculated using VIIRS CM data within each CrIS FOV

footprint. Specifically, the clear fraction is defined as the

ratio of VIIRS pixels flagged as confidently or probably

clear to the total number of VIIRS pixels within the FOV.

A 100% clear fraction threshold is applied to ensure a

reliable estimation of clear-sky CrIS O 2 B statistics.

A more detailed description of CrIS simulations and

the cloud-clearing procedure can be found in Li and

Zou (2017).

FIG. 2. O 2 B brightness temperature biases for LWIR (a)

channel 65 (690 cm21, 85 hPa) and (b) channel 88 (704.375 cm21,

321 hPa) within 58 latitudinal intervals and with respect to scan po-

sition (x axis) and latitude (y axis). Data are from 3 to 16 Sep 2015.

The unit is K.
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Based on the 2-week statistics, theO2 B biases (with

respect to scan position and latitudinal band) of two

representative CrIS LWIR channels are shown in Fig. 2.

Before discussing results in Fig. 2, it is reminded that the

O2B biases contain both the observation bias (mo) and

the NWP model bias (mb) since

O2B5 (O2T)2(B2T)

5O2T2B2T[mo 2mb , (5)

where T represents the truth that we never have. In

satellite DA, both the observation errors and back-

ground errors are assumed unbiased:

mo [O2T5 0, mb [B2T5 0: (6)

If mo 6¼ 0 and mb 6¼ 0, the DA requires that the biases be

subtracted from the observation and the background

before DA:

(O2mo)2(B2mb)5O2B2 (mo 2mb)

5O2B2O2B . (7)

By comparing Eqs. (5) and (7), we can conclude that an

advantage of using O 2 B statistics is to get rid of

both the model bias and the observation bias without

knowing the truth.

For the stratospheric CO2 channel 65 (690 cm21,

85 hPa; Fig. 2a), biases generally increase with scan

position. The biases are smallest in the midlatitudes

around 308–158S and 158–308N. For the tropospheric

channel 88 (704.375 cm21, 321 hPa; Fig. 2b), latitude-

dependent and asymmetric scan-dependent biases

are found in all latitudinal bands. As a cross-track

sounder, the scan-varying features of biases can be

attributed to variations in the optical path and the

size of the FOV between different scan positions.

In addition, O 2 B biases usually depend on scene

temperature and airmass conditions, which can ex-

plain the latitude-varying features of the biases. As

discussed by Engelen and Bauer (2014) and Li and

Zou (2017), the lack of a realistic distribution of

CO2 concentrations in RTM simulations may also

result in latitude-dependent biases for infrared

CO2 channels. The example shown in Fig. 2 suggests

that the BC of CrIS brightness temperatures requires

an adequate consideration of both scan- and latitude-

dependent biases.

Figure 3 shows the global distribution of the lapse rate

predictors for channels 65 and 88 at the ascending node

on 15 September 2016. For stratospheric channel 65,

values of predictor 5 (Fig. 3b) decrease with scan posi-

tion and increase with latitude. On the contrary, values

of predictor 4 (Fig. 3a) increase with scan position due to

the squared sign in the formulation of this predictor.

These relationships can be explained by the following

reasons. First, at different latitudes, the atmospheric

temperature lapse rate shows different features. As a

result, the values of the predictors are assumed to

represent latitudinal dependence. Second, since the

lapse rate predictors are calculated based on the ver-

tical integration of transmittance, which is associated

with optical depth, variations in the optical path

between different scan angles can lead to the scan-

varying features of the lapse rate predictors. For tro-

pospheric channel 88, values of predictor 5 (Fig. 3d)

decrease with latitude, while values of predictor 4

(Fig. 3c) decrease first and then increase as the latitude

increases.

As we discussed earlier, the fourth and fifth pre-

dictors are the only two bias predictors that are

airmass dependent. The second predictor is a function

of scan angle, and the first and third predictors are

held constant. The fourth and fifth predictors are

correlated since both are functions of the lapse rate.

Therefore, we examine the CrIS O 2 B bias with

the fourth and fifth predictors. Figure 4 displays the

scatterplots of the fourth and fifth airmass predictors

with respect to O 2 B from four representative

channels (a stratospheric channel, an upper-tropospheric

channel, a lower-tropospheric channel, and a sur-

face channel) under clear-sky conditions. To obtain

a correct analysis of the validity of the airmass pre-

dictors 4 and 5, the scan angle-dependent bias

quantified by the predictor 2 is subtracted from the

O2B before creating Figs. 4 and 5. For stratospheric

channel 65, the correlation coefficients between O 2 B

biases and the fourth and fifth predictors are 20.31

and 20.53, respectively (Figs. 4a,b). The relationship

between the predictors and O 2 B biases is not signifi-

cantly linear. For the upper-tropospheric channel 88,

correlation coefficients between the fourth and fifth

predictors and O 2 B biases are close to 0 (Figs. 4d,e).

Values of predictor 5 monotonically increase with

latitude, but O 2 B biases show little latitudinal

change. This leads to no linear relationship be-

tween the predictors and O 2 B biases for channel 88.

Similar characteristics are also found in the lower-

tropospheric channel 145 (Figs. 4g,h) and the surface-

sensitive channel 392 (Figs. 4j,k). We also investigate

the linear combination of predictor 4 and predictor 5

as a whole lapse rate correction term, expressed as

b4 3P4 1b5 3P5, and its dependence on the O 2 B

biases (Figs. 4c,f,i,l). For each of the four channels

examined, the relationships between the combined

lapse rate term and O 2 B biases are similar to
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that between the fifth predictor and O 2 B biases

(Figs. 4b,e,h,k). Although the use of a high-order lapse

rate in the fourth predictor is designed to account for

the nonlinear effect, results suggest that the fifth pre-

dictor dominates the contribution representing CrIS

O 2 B biases for most of the channels.

Figure 5 shows the correlation coefficients and the

corresponding coefficient of determination (R2) values

among the fourth predictor (black curve), the fifth pre-

dictor (red curve), the linear combination of the fourth

predictor and the fifth predictor 5 (blue curve), and the

O 2 B biases for all CrIS LWIR channels that are

FIG. 3. Distributions of the (a),(c) fourth and (b),(d) fifth airmass predictors for (a),(b) channel

65 (690 cm21, 85 hPa) and (c),(d) channel 88 (704.375 cm21, 321 hPa) at the ascending node

on 15 Sep 2016.
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FIG. 4. Scatterplots of (a),(d),(g),(j) airmass predictor 4, (b),(e),(h),(k) predictor 5, and (c),(f),(i),(l) the sum of

lapse rate correction term (b4 3P4 1b5 3P5) with respect to O 2 B for clear-sky data of (a)–(c) stratospheric

channel 65 (85 hPa), (d)–(f) upper-tropospheric channel 88 (321 hPa), (g)–(i) lower-tropospheric channel 145

(749 hPa), and (j)–(l) surface channel 392. Data are from 3 to 16 Sep 2015. The different colors represent latitudes,

and the correlation betweenO2B and the airmass predictors is given at the top of each panel. Black curves show

the second-order polynomial fitting. The BC contributed by predictor 2 (b2 3P2) is subtracted from the O 2 B.
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actively used in the GSI system. For predictor 5, abso-

lute values of the correlation coefficient are less than

0.65 for stratospheric channels and much lower for the

remaining channels. For predictor 4, absolute values of

the correlation coefficient are nomore than 0.4 (Fig. 5a).

These results are also supported by the corresponding

R2 values (Fig. 5b). It reveals that neither the individual

airmass predictors nor the linear combination of the

FIG. 4. (Continued)
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predictors is linear correlated to the biases of the

CrIS channels. Therefore, the linear combination of

airmass predictors may be inadequate for modeling

CrIS biases.

To better illustrate the contribution of lapse rate

predictors to the CrIS BC, mean values of predictor 4,

predictor 5, and the combined lapse rate correction

term (b4 3P4 1b5 3P5) under clear-sky conditions are

plotted with respect to scan position and latitude for

channel 65 (85hPa) and channel 88 (321 hPa) in Fig. 6.

Data are from the same period as that of O 2 B biases

presented in Fig. 2. For individual predictors (Figs. 6a–d),

the scan-varying and latitude-varying features ob-

tained from the 2-week mean value are consistent

with the spatial distribution on the specific day shown

in Fig. 3. For channel 65, focusing on the Northern

Hemisphere, the lapse rate correction term shows little

latitudinal variation (Fig. 6e), but the O 2 B biases in

the midlatitude region (around 208–458N) are smaller

than at other latitudes (Fig. 2a). This suggests that

the airmass lapse rate correction may result in an

insufficient latitude-dependent bias correction in the

midlatitude region. For channel 88, the lapse rate

correction term decreases with latitude especially when

the latitude is higher than 208N. However, the CrIS

O 2 B biases change little as the latitude increases

(Fig. 2b). As a result, the contribution of the airmass

lapse rate term to the latitude-dependent BC of this

channel is problematic when the latitude is higher

than 208N.

FIG. 5. (a) Correlations between O 2 B and airmass predictor 4 (black line), correlations

between O 2 B and airmass predictor 5 (red line), and correlations between O 2 B and the

lapse rate correction term (blue line) estimated from clear-sky data for the 84 LWIR channels.

(b) The associated coefficient of determination (R2) values. Data are from 3 to 16 Sep 2015.
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4. Assimilation experiment configurations

a. A modified BC scheme

As discussed in section 3, the particular choice of GSI

airmass predictors is probably insufficient for repre-

senting CrIS biases. To avoid the predictors-based BC

algorithm, a simpler modified BC scheme based on the

sampling ofO2 B departures from previous GSI cycles

is proposed for CrIS DA. Specifically, considering the

scan-dependent and state-dependent components of

CrIS biases, O 2 B departures mu,u are sampled within

the individual boxes seen in Fig. 2. These departures are

expressed as

m
u,u 5O2Bj

u,u, (8)

where m stands for the O 2 B departures, and O and B

are observations and model simulations from previous

GSI cycles, respectively. The variables u and u stand for

scan angle and latitude, respectively.

Also, taking the time-varying features of the biases into

account, at each assimilation time, the bias correction

term mu,u is calculated based on the equally weighted

moving average of the background departures from data

(i.e.,O2 B) during the 2 weeks prior to the assimilation

time. The data from the earlier cycles on the same day

are also included in calculating mu,u. After the bias

FIG. 6. Mean values of the (a),(b) fourth and (c),(d) fifth predictors and (e),(f) the lapse rate correction term

(b4 3P4 1b5 3P5) for LWIR (left) channel 65 (690 cm21, 85 hPa) and (right) channel 88 (704.375 cm21, 321 hPa)within

58 latitudinal intervals and with respect to scan position (x axis) and latitude (y axis). Data are from 3 to 16 Sep 2015.
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correction, the modified observation operator in the

cost function is equal to

~H(x)5H(x)1m
u,u. (9)

b. Overview of NCEP GSI and CrIS radiance DA

The NCEP GSI system, version 3.3, three-dimensional

variational DA system (Wu et al. 2002) is employed

in this study. The system solves the satellite radiance DA

problem by minimizing the following cost function:

J(x,b)5
1

2
(x2 x

b
)TB21(x2 x

b
)

1
1

2
[y

o
2 ~H(x,b)]TR21[y

o
2 ~H(x,b)]

1
1

2
(b2b

b
)TB

b
21(b2b

b
) , (10)

FIG. 7. (a) The WRF forecasting domain, monthly mean precipitation in August from NCEP multisensor ob-

servations (color shaded; unit: mm), and a snapshot of the radiosonde network at 1200UTC 23Aug 2016 (blue dots)

used to verify forecast results. The inner box shows the validation area used for 1-month predicted precipitation.

(b) Schematic illustration of the 18-h DA cycling and the 48-h forecast experiments initialized from 0000 UTC for

the 1-month experiment.
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where x is the analysis, xb the background, yo the ob-

servation, B the background error covariances, and R

the observation error covariances. The variational BC

scheme (VarBC; Dee 2004; Auligné et al. 2007; Zhu

et al. 2014a) is employed within the GSI system to per-

form the airmass BC. In Eq. (10), b is the bias-predictor

coefficient, bb is the prior estimate of b, and Bb is the

block-diagonal background error covariance for b.

For the direct assimilation of satellite radiance data in

the GSI system, the fast CRTM is used as the obser-

vation operator H, which calculates model-simulated

brightness temperatures based on the atmospheric

profile input.

In the default GSI variational airmass BC scheme, the

bias-predictor coefficients b are updated simultaneously

with the state variables x, and the latest bias-predictor

coefficients are used to obtain the modified observa-

tion operator ~H(x, b) [Eq. (4)]. However, in the

modified BC scheme proposed in section 4a, since the

airmass BC and VarBC are turned off for CrIS radi-

ances, the constraint term 1/2(b2bb)
TBb

21(b2bb)

associated with VarBC is not included in the cost

function. The modified observation operator ~H(x) is

defined by Eq. (9).

In addition to BC, quality control (QC) is another

important procedure to do before radiance assimilation.

In this study, the existing GSI quality control procedures

on cloud detection (Eyre andMenzel 1989), gross check,

surface emissivity check, and observation error adjust-

ments are employed.

c. Experiment setup

A 1-month analysis/forecast experiment is conducted

during the warm season of the North American conti-

nent. Most of the summertime precipitation is located in

eastern and central United States (Fig. 7a). These areas

have favorable conditions for developing convective

precipitation, supported by the warm and moist air from

the Gulf of Mexico and the Atlantic Ocean. Also, the

southeastern region often experiences hurricanes mak-

ing landfall, resulting in monthly average precipitation

amounts that are much higher than in the western

United States.

Four parallel DA experiments (Table 2) are carried

out to evaluate the impact of CrISDAwith two different

BC schemes in a regional model. The first benchmark

control experiment, CTL, assimilates conventional ob-

servations and Advanced Microwave Sounding Unit-A

(AMSU-A) data fromNOAA-15/18/19 andMetOp-A/B

satellites. The second experiment, EXP1, assimilates the

same observations as CTL plus clear-sky CrIS radiances

using the GSI default airmass BC scheme [Eq. (3)]. The

third experiment, EXP2, is the same as EXP1, except for

applying the modified BC scheme [Eq. (8)] for CrIS

channels. The fourth experiment, EXP3, is similar to

EXP2, except that the BC term is calculated based

on the moving average of observation-minus-analysis

(O2A) statistics, rather thanO2B samples, from data

in the previous 2 weeks. The four parallel experiments

are carried out for 1 month, covering the period from 1

to 31 August 2016. It is noted that EXP3 is only included

in section 5a for discussing the analysis/forecast results

from the 1-month experiments. In other places, the

term ‘‘modified BC scheme’’ refers to EXP2 unless

otherwise stated.

For each experiment, the cycled DA has a cold start

using the GFS analysis as the initial condition of

the WRF Model every day at 0000 UTC and assimi-

lates observations at 0600, 1200, and 1800 UTC. After

the three analysis cycles, a 48-h forecast is launched

(Fig. 7b). The GFS global analysis with 0.258 grids is

used to provide the initial and boundary conditions for

all experiments. Furthermore, since both BC schemes

require information from previous cycles, we start the

TABLE 2. Experimental design for 1-month (1–31 Aug 2016) cycled assimilation and forecasting experiments.

Experiment Description Analysis cycles Forecast period

CTL GFS data1 conventional data1 NOAA-

15/18/19 AMSU-A 1 MetOp-A/B

AMSU-A

6-h preforecast starting at 0000 UTC, with

three 6-h cycled analyses at 0600, 1200,

and 1800 UTC

48-h forecast after analysis cycles

EXP1 GFSdata1 conventional data1NOAA-15/

18/19AMSU-A1 MetOp-A/BAMSU-

A1 CrIS (GSI default BC scheme)

EXP2 GFS data1 conventional data1 NOAA-

15/18/19 AMSU-A 1 MetOp-A/B

AMSU-A 1 CrIS (modified BC

scheme)

EXP3 Same as EXP2, except for using the

moving average of O 2 A, rather than

O 2 B, as the BC term
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FIG. 8. Spatial distributions of (top) the CrIS brightness temperature, (middle) the GSI default BC, and (bottom)

the modified BC for (a)–(c) channel 67 (122 hPa) and (d)–(f) channel 88 (321 hPa), overlapped by M1 visible band

VIIRS reflectances (black and white background) at;1800UTC 21Aug 2016. Only CrIS pixels that passed theQC

process are shown.
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experiments from 1 July 2016, which is 1 month ahead of

the investigation period. For the variational airmass BC

scheme, the bias-predictor coefficients at each cycle are

inherited from the previous cycles of the Advanced

Research version of the Weather Research and Fore-

casting (WRF-ARW) Model. For the modified BC

scheme, O 2 B departures from the previous 2 weeks

are prepared.

The WRF-ARW, version 3.8, is employed as the

forecasting model. The domain is configured with

750 3 500 horizontal grid points with a 10-km re-

solution, covering the continental United States

(Fig. 7a). There are 61 vertical levels from the surface

to 1 hPa. The physics options include the WRF single-

moment 6-class microphysics (Hong and Lim 2006),

the Kain–Fritsch cumulus (Kain and Fritsch 1990;

Kain 2004), the Rapid Radiative Transfer Model

longwave radiation (Mlawer et al. 1997), the Dudhia

shortwave radiation (Dudhia 1989), the Monin–

Obukhov surface layer (Monin and Obukhov 1954),

the Noah land surface (Chen and Dudhia 2001), and the

Yonsei University planetary boundary layer (Noh et al.

2003) schemes.

5. Impact of CrIS DA

a. Analysis/forecast results from 1-month
experiments

Figure 8 shows the spatial distributions of the biases

mu,u [Eq. (8)] calculated using the modified BC scheme

and the biasesm [Eq. (3)] calculated using the traditional

airmass BC scheme for channel 67 (122 hPa) and chan-

nel 88 (321hPa) at 1800 UTC 21 August 2016, along with

FIG. 9. The scan variations ofO2 B biases without the BC (black curve), with the airmass BC (blue curve), and

with the modified BC (red curve) sampled from the 1-month assimilation experiments for (a) stratospheric channel

67 (122 hPa), (b) upper-tropospheric channel 88 (321 hPa), (c) lower-tropospheric channel 137 (749 hPa), and

(d) surface channel 392. Only data that passed the GSI QC process are used. The standard deviations ofO2 B are

shown as dashed lines.
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the corresponding brightness temperatures. For this sin-

gle assimilation time, the modified BC term mu,u is cal-

culated based on the O 2 B departures of the previous

GSI analysis cycles from 7 to 20 August. For the

stratospheric channel 67, the modified BC terms mu,u

(Fig. 8c) are generally smaller than the traditional BC

terms m (Fig. 8b). Also, the latitudinal variation of the

modified BC terms mu,u (Fig. 8c) is more obvious than

the traditional BC terms m (Fig. 8b), especially in the

midlatitudes (around 208–458N). For the tropospheric

channel 88, the modified BC terms mu,u (Fig. 8f) are

smaller than the traditional BC terms m (Fig. 8e) at high

latitudes. Regarding CrIS QC, for the tropospheric

channel that is affected by clouds, cloudy radiance data

over both oceans and land can be generally identified by

the GSI infrared cloud detection method (Eyre and

Menzel 1989), although some clear-sky pixels are also

removed (Fig. 8d).

Before evaluating the impact of CrIS radiance DA,

the effectiveness of CrIS BC by the two different

schemes is demonstrated in Figs. 9–11. Figure 9 shows

the scan variations ofO2 B biases before and after BC

for four representative channels: stratospheric channel

67 (122 hPa), upper-tropospheric channel 88 (Fig. 9b),

lower-tropospheric channel 137 (Fig. 9c), and surface

channel 392 (Fig. 9d). Without the BC, the mean biases

of O 2 B show obvious scan-dependent features for all

channels considered. In general, theO2 Bmean biases

are significantly reduced after either the airmass BC or

the modified BC is done. However, residual scan-

dependent biases are still found after the airmass BC

is done. The modified BC scheme performs better in

reducing the scan-dependent biases, especially for strato-

spheric channel 67 (Fig. 9a) and lower-tropospheric

channel 137 (Fig. 9c).

Figure 10 presents the latitudinal variations in O 2 B

biases before and after BC for the four representative

channels. Residual latitude-dependent biases still re-

main for all channels after the airmass BC is done, es-

pecially at midlatitudes. This is not surprising because

FIG. 10. As in Fig. 9, but for the latitudinal variations of O 2 B biases.
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the lapse rate predictors cannot well represent the

latitude-dependent characteristics of O 2 B departures

for CrIS channels (Figs. 4, 6).

Figure 11 shows mean O 2 B biases for all the 84

LWIR channels before and after BC. The modified BC

scheme reducesO 2 B biases to less than60.1K for all

channels, while the airmass BC scheme fails to effectively

reduce theO2 B biases in the stratospheric channels and

some lower-tropospheric channels. Results fromFigs. 9–11

suggest that the modified BC scheme performs better

than the traditional airmass BC scheme in correcting

CrIS radiance biases.

A possible reason for the negative biases in strato-

spheric channels after the airmass BC is that it comes

from the negative biases of the simulated brightness

temperatures between the model analysis (A) and the

model background (B; i.e., A 2 B; Fig. 12) in the re-

gional model. In fact, the satellite radiance bias is

FIG. 11.MeanO2B biases for 84 LWIRassimilation channels without theBC (black curve),

with the airmass BC (blue curve), with the modified BC (red curve), and with the modified BC

tested in a configuration where the bias is based on the running average of O 2 A from the

previous 2-week cycles (green curve). The results are sampled from the 1-month assimilation

experiments. Only data that passed the GSI QC process are used.

FIG. 12. O 2 B brightness temperature biases after (a) the airmass BC and (b) the modified BC for channel 67

(122 hPa) within 58 latitudinal intervals and with respect to scan position (x axis) and latitude (y axis). O 2 A

brightness temperature biases after (c) the airmass BC and (d) the modified BC for LWIR channel 67 (122 hPa).
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constrained by the fit to other observations in the

VarBC, so the airmass BC scheme tends to minimize

O 2 A (Fig. 12c). As a result, the residualO 2 B biases

(Fig. 12a) after the airmass BC can be attributed to the

bias betweenA andB. On the contrary, the modified BC

scheme will minimize O 2 B (Fig. 12b). The difference

between the VarBC (EXP1) and the running average

O 2 B scheme (EXP2) probably attributes to the fact

that the former minimized the O 2 A mean, and the

latter minimized theO2Bmean. To confirm this, a bias

correction scheme is tested in a configuration where the

bias is based on the running average of O 2 A (EXP3;

green curve in Fig. 11) rather thanO2 B. It is seen that

the biases after the VarBC (EXP1) are close to those of

FIG. 13. Averaged vertical RMSE profiles of (left) temperature for the (top) 12-, (middle) 24-, and (bottom) 48-h

forecast compared with conventional observations sampled from the 1-month assimilation experiments. (right)

Vertical RMSE profiles of temperature normalized by the RMSE from the CTL experiment. Error bars give

statistical significance intervals for differences from the CTL at the 95% level.

826 MONTHLY WEATHER REV IEW VOLUME 147

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 06:34 PM UTC



EXP3 (Fig. 11), suggesting that the VarBC scheme does

minimize the O 2 A mean.

To evaluate the impact of CrIS radiance assimilation,

forecasting results are verified against conventional

observations (blue dots in Fig. 7). The root-mean-square

errors (RMSEs) of the 12-, 24-, and 48-h forecasts are

calculated for the four DA experiments, sampled from

the 1-month period. Figure 13 displays the vertical

profiles of RMSE for atmospheric temperature. The

RMSE profiles from experiments EXP1, EXP2, and

EXP3 normalized by the RMSE from the CTL experi-

ment are also displayed. The temperature forecasts in

the troposphere and the stratosphere are clearly im-

proved by assimilating CrIS radiances for different

forecasting times. It is not surprising that the assimila-

tion of LWIR temperature-sensitive channels plays an

FIG. 14. As in Fig. 13, but for the RMSE of specific humidity.
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important role in improving atmospheric temperature

forecasts. Experiment EXP2 has smaller RMSEs than

experiment EXP1, especially in the middle troposphere,

suggesting that the use of the modified CrIS BC scheme

has a positive impact on assimilation and the subsequent

forecasts. The reduction in RMSE is 4%, 4%, and 2.5%

in the EXP2 experiment for the 12-, 24-, and 48-h fore-

casts, respectively, compared with the CTL experiment.

Figure 14 shows the vertical profiles of RMSE for

specific humidity. In general, experiments EXP1, EXP2,

and EXP3 show a neutral or slight improvement over

the CTL experiment for each forecasting time. But the

reduction of forecast error brought by CrIS data as-

similation is seen during the entire 48-h forecast period.

The largest improvements are found around 300 and

850 hPa. Because some of the CrIS channels located in

the LWIR band are also sensitive to water vapor

(Fig. 1a), the assimilation of CrIS LWIR radiances is

expected to improve the humidity fields. The EXP2-

simulated specific humidity fields agree slightly better

with observations than those from EXP1 at all forecast

times. By contrast, EXP1 RMSEs are comparable to

CTL RMSEs.

Based on the forecasting RMSEs of atmospheric

temperature and humidity, both EXP2 and EXP3

perform better than EXP1, suggesting the modified

BC scheme works better than the airmass BC scheme.

EXP2 has noticeably smaller RMSEs of temperature

forecasts than those of EXP3, especially in the mid-

troposphere. This comparison between EXP2 and EXP3

also suggests that minimizingO2 B performs better than

minimizing O 2 A.

Figure 15 shows time series of the equitable threat

score (ETS) of 3-h cumulative precipitation for the

three DA experiments, together with the spatially av-

eraged 24-h cumulative precipitation. The predicted pre-

cipitation are verified against U.S. gridded multisensor

precipitation observations (Lin and Mitchell 2005) col-

lected in eastern and central United States (black box

area shown in Fig. 7a), where most of the August 2016

convective precipitation occurred. Mean 3-h ETSs cal-

culated by averaging the first eight 3-h cumulative win-

dows of each forecast are plotted. For the 1- and 5-mm

thresholds, ETSs from the EXP1 andEXP2 experiments

are comparable to or slightly better than the CTL ex-

periment ETSs during the whole month (Figs. 15a,b).

However, for higher precipitation thresholds, noticeably

higher ETSs are found in EXP2, especially on those days

when heavy rain fell (Figs. 15c,d).

Overall, based on the verification of the 1-month-long

forecasting results of atmospheric temperature, humid-

ity, and precipitation, it appears that the modified BC

scheme is preferable to the traditional airmass BC

scheme for CrIS DA.

FIG. 15. Time series of the mean ETS for the CTL (black), EXP1 (blue), and EXP2 (red) experiments at the

(a) 1-, (b) 5-, (c) 10-, and (d) 15-mm thresholds. The gray shading represents spatially averaged 24-h cumulative

precipitation amounts on each day. Means are calculated as the average of eight ETSs covering a 24-h

forecasting period.
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b. A convective precipitation case on 21 August 2016

We also investigate the impact of CrIS DA on a

convective precipitation case in northeastern United

States that occurred on 21–22 August 2016. As illus-

trated in Fig. 7b, the CTL experiment and the two CrIS

DA experiments (EXP1 and EXP2) for this single case

are initialized by the GFS global analysis at 0000 UTC,

and the forecasts are launched at 1800 UTC 21 August

2016 after the 18-h cycled DA. It is reminded that the

‘‘modified BC scheme’’ only refers to EXP2.

For a brief synoptic overview, Fig. 16 displays the

geopotential height, temperature, relative humidity, and

wind fields of NCEP Final (FNL) analyses at 500 and

850hPa from 0600 to 1800 UTC 21 August 2016. At

0600 UTC, the 500-hPa North American trough was

located in the middle of the United States, ahead of the

500-hPa temperature trough (Fig. 16a). Cold advection

(Fig. 16a) made the 500-hPa geopotential height

trough develop further andmove eastward at 1800UTC

21 August (Fig. 16b). At 850 hPa, a low pressure sys-

tem was found around 858W at 0600 UTC 21 August

(Fig. 16c). At 1800 UTC 21 August, the low pressure

system was strengthened and moved eastward (Fig. 16d).

The southwesterly flow to the south of the low pres-

sure system was also strengthened, which transported

an abundance of water vapor from the Gulf of Mexico

to the eastern coastal area (Fig. 16d). Under the com-

bined effects of a high-level trough and low-level low

pressure, convective weather took place and brought

heavy rain to the eastern coastal region.

Figure 17 shows the 3-h cumulative precipitation

predicted by the CTL, EXP1, and EXP2 experiments

for 0–3, 3–6, 6–9, and 9–12 h, along with correspond-

ing U.S. gridded multisensor precipitation observations.

FIG. 16. Geopotential height (black contours), temperature (red contours), relative humidity (color shaded;

unit: %), and wind field (vector; unit: m s21) for 0.258 3 0.258 NCEP FNL analyses at (a),(c) 0600 and (b),-

(d) 1800 UTC 21 Aug at (a),(b) 500 and (c),(d) 850 hPa. CrIS data distributions near 500 (channel 101) and 850 hPa

(channel 151) are shown as blue dots.
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FIG. 17. Three-hour cumulative precipitation from 1800UTC 21Aug to 0600UTC 22Aug fromU.S. gridded

multisensor precipitation observations and the CTL, EXP1, and EXP2 experiments.
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FIG. 17. (Continued)
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Generally, as the observed precipitation band moved

eastward, the predicted rainfall location showed a no-

ticeable western bias during the 3–6 and 6–9 forecasting

hours in CTL (Figs. 17f,j) and EXP1 (Figs. 17g,k). On

the contrary, the predicted rainfall bands in EXP2

(Figs. 17h,l) located more eastward than those in CTL

and EXP1, which compared more favorably with obser-

vations (Figs. 17e,i). The precipitation forecasting per-

formance is also supported by ETS. The ETSs of 3-h

cumulative rainfall at the 1-, 5-, 10-, and 15-mm thresh-

olds on the quantitative precipitation forecast (QPF) are

shown in Fig. 18. Experiments EXP1 and EXP2 out-

perform experiment CTL for all thresholds and nearly

all forecast times, suggesting the positive impact of CrIS

radiance assimilation. The EXP2 experiment shows the

largest improvement, especially for larger thresholds.

The causes for the improved precipitation forecast by

CrIS DA are diagnosed. Focusing on the initial condi-

tion, Fig. 19 shows the differences in 500-hPa tempera-

ture between EXP1 and CTL at 0600 (first analysis) and

1800 UTC 21 August (final analysis) and the differences

between the EXP2 and CTL experiments. In the first

analysis, assimilating CrIS radiances adjusted the at-

mospheric temperatures in both the EXP1 (Fig. 19a)

and EXP2 (Fig. 19b) experiments, which led to the

eastward movement of the 500-hPa temperature trough.

A deeper temperature trough was found in the EXP2

experiment (Fig. 19b), compared with the EXP1 ex-

periment (Fig. 19a). Larger negativeO2 B values after

BC inEXP2 (Fig. 19d) are found than inEXP1 (Fig. 19c)

near the location of the deeper temperature trough. The

difference in temperature adjustment between EXP2

and EXP1 can be ascribed to the different BC schemes

applied in CrIS DA. In the final analysis, the 500-hPa

temperature trough seen in the EXP2 experiment is still

located more to the east than in the CTL experiment

(Fig. 19f). The adjustment of upper-level temperature

fields played an important role in the subsequent

movement and development of the high-level geo-

potential height trough and ridge. In comparison, the

location of the 500-hPa temperature trough in the EXP1

experiment was not so obviously adjusted (Fig. 19e).

To explain why EXP2 better predicted the precipita-

tion coverage than the other two experiments, Fig. 20

shows the differences in 500-hPa geopotential height

between the EXP1 and CTL experiments and the dif-

ferences between the EXP2 and CTL experiments at

0000 UTC 22 August 2016. After the 18-h cycled assim-

ilation and 6-h forecast, the 500-hPa North American

trough in the EXP2 experiment was located more to the

FIG. 18. ETS of 3-h cumulative precipitation for the CTL (black bars), EXP1 (blue bars), and EXP2 (red bars)

experiments at the (a) 1-, (b) 5-, (c) 10-, and (d) 15-mm thresholds from 1800 UTC 21 Aug to 1800 UTC 22 Aug.
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FIG. 19. Differences in 500-hPa analyzed temperature (color shaded) between (a) EXP1 and CTL (EXP1 minus CTL; solid lines) and

between (b) EXP2 and CTL (EXP2minus CTL; solid lines) at 0600 UTC 21 Aug. (c),(d) TheO2B biases of CrIS channel 101 (478 hPa)

after airmass BC and the modified BC. (e),(f) As in (a),(b), but for 1800 UTC 21 Aug.
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east than in the CTL experiment (Fig. 20b). In this case,

convective precipitation occurred in the updraft region

before the 500-hPa geopotential height trough. The

eastward adjustment of the upper-level trough resulted

in the subsequent eastward shift in precipitation in the

EXP2 experiment (Fig. 17l), compared with the CTL

experiment (Fig. 17j). As a result, the precipitation

distributions in the EXP2 experiment (Figs. 17l,p) agree

well with observations (Figs. 17i,m) from 0000 to

0600 UTC 22 August 2016. Compared with the EXP2

experiment (Fig. 20b), experiment EXP1 (Fig. 20a)

showed less adjustment of the 500-hPa North American

trough, so the predicted rainfall coverage in the EXP1

experiment (Fig. 17k) was similar to that in the CTL

experiment.

Figure 21 shows the vertical difference in pseudoe-

quivalent potential temperature (›use/›p), a measure

of the atmospheric thermodynamic instability, at 0000UTC

22August 2016 for experiments CTL, EXP1, and EXP2.

For convective weather, lower energy at a lower level

of the atmosphere (u850se ) overlapped by higher energy

at a higher level (u500se ) is beneficial for atmospheric in-

stability. In experiment EXP2 (Fig. 21c), thermal in-

stability (u500se 2 u850se ) in the offshore areas of Maryland

andDelaware was greater than that in the CTL (Fig. 21a)

and EXP1 (Fig. 21b) experiments. Therefore, more

available potential energy in the EXP2 experiment

resulted in the increased likelihood of convective

precipitation in the offshore areas at the subsequent

forecasting times.

Based on the analysis of the convective precipitation

case, the assimilation of CrIS radiances plays an im-

portant role in adjusting atmospheric temperature

fields. After application of the modified BC scheme,

the analyzed fields represent a preferable environmental

configuration of geopotential troughs/ridges and ther-

mal instability for coastal precipitation.

6. Verification of model bias against GPS RO data

The modified BC scheme produces smaller O 2 B

biases than the traditional airmass BC scheme for CrIS

DA in the regional application. However, as discussed

by Eyre (1992), a satellite radiance BC approach de-

signed to minimize O 2 B may correct bias relative to

NWPmodel. If the model background bias is obvious, it

may lead to a reinforcement of themodel bias during the

cycled DA procedure. Therefore, it is crucial to check if

the model background bias is present and whether it

shows a drift tendency during the assimilation cycles. In

other words, a verification result of no obvious model

background bias from experiment EXP2 will ensure the

robustness of the modified BC scheme applied in the

regional model.

As investigated in many previous studies (Rocken

et al. 1997; Lin et al. 2010; Yang and Zou 2012), the

global positioning system (GPS) radio occultation

(RO) data have high accuracy, high vertical resolu-

tion, and high stability. Profiles of GPS refractivity

can be used to retrieve atmospheric profiles of tem-

perature and water vapor using a one-dimensional

variational (1DVar) DA algorithm (Healy and Eyre

2000; Palmer et al. 2000). GPS RO sounding profiles

have been widely used as input of RTMs to assess the

accuracy of satellite brightness temperatures (Schrøder
et al. 2003; Ho et al. 2009; Zou et al. 2014; Chen and

Zou 2014). This section aims at assessing the model

background bias in the CrIS brightness tempera-

ture space using collocated GPS RO sounding

profile data.

FIG. 20. Differences in 500-hPa geopotential height (color shaded) between (a) EXP1 and CTL (EXP1 minus

CTL; solid lines) and between (b) EXP2 and CTL (EXP2 minus CTL; solid lines) at 0000 UTC 22 Aug (6-h

forecasting time).
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To obtain a sufficiently large sample of GPS RO data

collocated with model data, GPS ROs from the follow-

ing five missions are used: the Constellation Observ-

ing System for Meteorology, Ionosphere, and Climate

(COSMIC) mission (Anthes et al. 2008); the Gravity

Recovery and Climate Experiment (GRACE) mission

(Wickert et al. 2005); the Global Navigation Satellite

System Receiver for Atmospheric Soundings (GRASs)

on board MetOp-A and MetOp-B; and the German

TerraSAR-X mission. Collocation criteria between

model background profiles and GPS RO profiles are

defined as a time difference of fewer than 3h and a

horizontal spatial separation of fewer than 20km. The

CRTM is employed to simulate CrIS brightness tem-

peratures using GPS RO profiles as input (TRO
b ) and

using model background profiles as input (TB
b ). Then,

the mean difference in simulated brightness tempera-

ture (TB
b 2TRO

b ) is used to represent the model back-

ground bias. Since GPS RO profiles are most accurate

within the height range between 5 and 30km (Kursinski

et al. 1996; Anthes et al. 2008; Kishore et al. 2009),

only CrIS channels with WF peaks at upper and mid-

levels of the atmosphere are selected for brightness

temperature simulations. For surface state variables

that are not provided by GPS RO profiles, the WRF

Model surface wind and surface temperature are used

as CRTM input for the GPS-simulated brightness

temperature TRO
b .

Figure 22a shows an example of the distribution of

model background profiles collocated with GPS RO

profiles on 21 August 2016. Collocated GPS RO lo-

cations at three different DA cycles (i.e., 0600, 1200,

and 1800 UTC) are indicated by three different colors.

Figures 22b–d display the simulated brightness tem-

perature differences (TB
b 2TRO

b ) averaged within each

DA cycle of experiment EXP2 for channel 67 (122 hPa),

channel 87 (287 hPa), and channel 104 (521 hPa),

respectively, during the 1-month experiment. Be-

cause the cycled DA is performed every day at 0600,

1200, and 1800 UTC (Fig. 7b), we calculate the model

background bias at these three times every day. For

the stratospheric channel 67 (Fig. 22b), the monthly

mean background bias (TB
b 2TRO

b ) is 0.07, 0.04, and

0.06K at 0600, 1200, and 1800 UTC, respectively. The

background bias varies within an acceptable range

during the cycledDA. For the upper-level tropospheric

channel 87 (Fig. 22c), the monthly mean background

bias (TB
b 2TRO

b ) is 20.03, 20.04, and 20.01K at 0600,

1200, and 1800 UTC, respectively. For the midlevel

tropospheric channel 104 (Fig. 22d), the monthly mean

background bias (TB
b 2TRO

b ) is20.07,20.06, and20.05K

at 0600, 1200, and 1800 UTC, respectively.

Based on the above verification results against GPS

RO profile data, it is demonstrated that the model back-

ground biases are negligibly small and do not vary with

time during the DA cycle. The modified BC scheme is

robust for regional applications.

FIG. 21. Pseudoequivalent temperature at 500 hPa (contours;

units: K) and the difference in pseudoequivalent temperature be-

tween 850 and 500 hPa (u500se 2 u850se ; color shaded; units: K) for the

(a) CTL, (b) EXP1, and (c) EXP2 experiments at 0000 UTC

22 Aug.
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FIG. 22. (a) The distribution of GPS RO profiles collocated with model back-

ground profiles on 21 Aug 2016. The simulated brightness temperature difference

(TB
b 2TRO

b ) averaged on each assimilation time during the 1-month experiment

for (b) channel 67 (122 hPa), (c) channel 87 (287 hPa), and (d) channel 104
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7. Summary and conclusions

This study focuses on the bias correction (BC) scheme

for CrIS radiance data assimilation (DA). Based on a

correlation analysis, the ability of the airmass BC pre-

dictors of the NCEP GSI system in modeling the

observation-minus-background (O 2 B) biases of CrIS

channels is diagnosed. Statistics from a 2-week clear-sky

data sample reveal that the correlations between CrIS

O 2 B departures and the lapse rate airmass predictors

employed by the GSI system are very weak. This sug-

gests that the particular choice of airmass predictors

used in the traditional GSI BC scheme is inadequate for

CrIS radiance data assimilation.

A simpler modified BC scheme is thus proposed and

incorporated into the NCEP GSI system for CrIS DA,

calculated using the equally weightedmoving average of

O 2 B departures from data of the previous 2 weeks.

The idea behind this proposed BC scheme is to use re-

cent O 2 B statistics to perform a BC with respect to

both scan position and latitudinal band. The impacts of

the modified BC scheme on CrIS radiance DA and re-

gional NWP are tested and compared with the impact of

the traditional airmass BC scheme.

Four cycled DA assimilation experiments are carried

out for a 1-month period to verify the effectiveness of

the two BC schemes. The benchmark control experi-

ment, CTL, only assimilates conventional data and

AMSU-Amicrowave radiance data. Experiments EXP1

and EXP2 additionally assimilate CrIS radiances using

the airmass BC scheme and the modified BC scheme,

respectively. The modified BC scheme better cor-

rects scan-dependent and latitude-dependent biases

for CrIS LWIR stratospheric channels, tropospheric

channels, and surface channels, while residual biases

are still found in some of the CrIS channels when the

airmass BC scheme is applied. Experiment EXP2 with

the modified BC scheme produces a smaller root-

mean-square error for predicted atmospheric temper-

ature and specific humidity in short-range forecasts

than experiments CTL and EXP1. The greatest im-

provement is found in the temperature fields of the

midtroposphere. Experiment EXP3 is similar to EXP2,

except for using observation-minus-analysis (O 2 A)

data samples in the previous 2 weeks for bias estimates.

A comparison among EXP1, EXP2, and EXP3 con-

firms that the improved forecasting results of EXP2 are

also benefited from targeting bias correction onO2B,

rather than O 2 A. Predicted precipitation from the

DA experiments is verified against multisensor rainfall

observations. For high-precipitation thresholds, no-

ticeably higher equivalent threat scores are found in

the EXP2 experiment, especially on those days with

heavy rain.

A convective precipitation case that occurred along

the northeastern coast of the United States on 21–

22 August 2016 is also investigated to examine the im-

pact of the modified BC scheme on CrIS assimilation

and the subsequent forecast. Among the three DA ex-

periments, the EXP2 experiment compares favorably

with multisensor 3-hourly rainfall observations. With

the modified BC scheme, the temperature field was

reasonably adjusted after CrIS DA in experiment

EXP2, leading to the further evolution of the geo-

potential height trough and ridge. Thus, the better pre-

diction of the precipitation coverage in the EXP2

experiment can be ascribed to the better prediction of

environmental fields.

This paper examines the impact of incorporating a

modified BC scheme into CrIS radiance DA and dem-

onstrates its usefulness for NWP. For the use of CrIS

data in regional models, the modified BC scheme has

been shown to perform better than the airmass BC

scheme. In other words, under the current configuration

of the DA cycling strategy of this study for regional

applications, the modified BC scheme that corrects the

relative bias between satellite observations and the

model background seems to have some merit for CrIS

data assimilation. Although inadequate for the case

study in this research, the variational airmass BC

scheme within the current GSI system may be further

improved by finding better predictors. Efforts will be

made to explore alternative bias predictors to improve

variational airmass BC scheme for CrIS data assimila-

tion in our future study.

Furthermore, since the JPSS-1 satellite was success-

fully launched on 18 November 2017, a full spectral

resolution product with a uniform channel spacing of

0.625 cm21 is available for CrIS. The potential value of

 
(521 hPa). The assimilation times of 0600, 1200, and 1800 UTC are indicated by

blue, red, and green, respectively. The solid blue, red, and green lines represent

the mean simulated brightness temperature difference (TB
b 2TRO

b ) averaged by

all the collocated data samples during the 1-month experiment at 0600, 1200, and

1800 UTC, respectively. Collocated GPS RO data counts at each assimilation

time are indicated in gray shading.
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assimilating full-spectrum CrIS radiances should also be

further explored in the future.
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