
1.  Introduction
The spectral radiances from hyperspectral infrared (IR) sounders contain information about the vertical distribu-
tion of temperature T(p) and water vapor q(p) in clear air, where p is the pressure altitude. The IR radiances also 
contain information about ice and liquid water from the top layer of clouds down to where the clouds become 
opaque. The radiances from the hyperspectral sounders in polar orbit are routinely ingested by the National 
Weather Centers (NWC; e.g., Collard & McNally, 2009), where they are combined with data from many other 
spaceborne and ground-based sensors to define the state of the atmosphere, including clouds. NWCs make use 
of cloudy infrared scenes for channels with weighting functions well above the cloud tops (Guidard et al., 2011; 
Lavanant et al., 2011; McNally, 2009). State of the art cloud detection at NWCs diagnoses the cloud top altitude 
and uses collocated high-resolution imagers. This allows around 15% of observations to be used in channels 
with weighting functions peaking at 900 hPa, increasing to 100% for channels with only stratospheric sensitivity 
(Eresmaa, 2014). However, in atmospheric window channels as much as 95% of the ingested infrared sounder 
data can be deemed “too cloudy” to be used (e.g., McNally & Watts, 2003).

The opacity of clouds in the field of view (with typically 60 μm particles) significantly decreases the brightness 
temperature expected in the thermal infrared (10 μm) under clear conditions. In contrast, the 1,600 μm wave-
length of the 183 GHz channels on the MHS (Microwave Humidity Sounder), ATMS (Advanced Technology 
Microwave Sounder), and even longer wavelengths on other microwave sensors, are insensitive to 60 μm parti-
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Integrated Forecast System (IFS). Our analysis is based on a 12 hr ingest of AIRS data into the ECMWF 
assimilation system. We show that the standard deviation of (obs-cal) using the 1,231 cm −1 atmospheric 
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not seen in the AIRS data, and vice versa. Our metric capitalizes on the unique sensitivity of infrared sounders 
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Plain Language Summary  Key to a good weather forecast is clouds of the right variety in the right 
places at the right time. We evaluate this for 12 hr of European Centre for Medium Range Weather Forecasting 
(ECMWF) data by comparing the clouds created from the temperature and water vapor profiles and first 
principle physics with the clouds observed with the Atmospheric Infrared Sounder (AIRS). For the global 
mean, there is a good match, but locally the ECMWF finds deep convective clouds which are not seen in the 
AIRS data, and vice versa, in clusters on a scale of hundreds of kilometers. We propose a metric for the cloud 
fidelity, which allows monitoring and quantifying improvements as new algorithms or data are included in the 
Integrated Forecast System.
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cles. They are more sensitive to the larger frozen particles (along with water cloud and rain) and successful 
all-sky assimilation has been possible (e.g., Geer et al., 2017). Unlike the current assimilation of infrared data, 
this makes use of the cloud information itself. Although there has been much recent progress on the experimen-
tal applications of all-sky assimilation of infrared radiances (e.g., Geer et al., 2019; Li et al., 2021; Okamoto 
et al., 2014, 2019; Otkin & Potthast, 2019; Sawada et al., 2019) this is not yet operationally done at any weather 
forecasting center.

The full use of cloudy infrared data, even if not assimilated, has historically been stymied by concerns about the 
computational cost and accuracy of cloud-capable Radiative Transfer Models (RTMs). A number of RTMs have 
now been developed to allow the calculation of infrared sounder radiances, given the vertical distribution of T, q, 
and clouds, for example, SARTA (Machado et al., 2017), CRTM (Ding et al., 2011), RTTOV (Vidot et al., 2015), 
and PCRTM (Chen et al., 2013; Liu et al., 2006, 2016, 2009). Aumann, Behrangi, and Wang (2018) and Aumann, 
Chen, et al.  (2018) evaluated the degree to which the calculated brightness temperature (cal) agreed with the 
Atmospheric Infrared Sounder (AIRS) observation (obs) based on ECMWF IFS (Integrated Forecasting System) 
data from March 2009. Using the 1,231 cm −1 thermal infrared window channel, they found that the RTMs agreed 
with each other with little bias and 6–10 K Standard Deviation (SD), but the SD of (obs-cal) was as large as 22 
K. This large disagreement was attributed to the fact that the AIRS data were interpolated to match the ECMWF 
data on a 3 hr and 25 km grid. This grid was too coarse to allow a credible space and time interpolation of clouds 
in the IFS to the AIRS observations. The present work makes use of the much better space and time interpola-
tion provided by the IFS. This more accurate interpolation should make it possible to better attribute remaining 
discrepancies between the calculated brightness temperatures and the observations.

Even in the absence of all-sky data assimilation, the statistics of (obs-cal) are very useful for understanding 
the quality of model cloud fields. Early use of infrared and broadband radiances in the validation of model 
cloud fields includes Allan et al. (2007) and Chevallier and Kelly (2002). With more recent weather forecast-
ing models and more advanced radiative transfer approaches, comparisons to all-sky infrared radiances have 
shown deficiencies in ice cloud representations in several forecast models (e.g., Okamoto et al., 2021; Otkin & 
Potthast, 2019). Systematic errors in the IFS cloud representation are significantly smaller but still present (Geer 
et al., 2019); these are discussed in more detail later. Infrared radiances are also simulated from climate models 
and compared to MODIS observations (MODerate resolution Imaging Spectroradiometer, e.g., Bodas-Salcedo 
et al., 2011; Masunaga et al., 2010). However, this can only be done in a climatological sense, whereas compar-
isons to weather forecasting models can be done at the level of individual weather systems. The objective of our 
study is to further highlight the ability of the daily and scene-level statistics of (obs-cal) from all-sky infrared 
radiances to quantify the fidelity of the clouds in weather models, thus capitalizing on the unique sensitivity of 
infrared data to clouds.

Along with much previous work, this is a case study, and the real benefits would come from routinely monitoring 
the all-sky infrared observations in operational data assimilation systems. In the following, we illustrate this using 
the ECMWF IFS matched to AIRS data as an example, but our analysis is relevant to any other weather forecast-
ing model and all hyperspectral infrared sounders.

2.  Data
2.1.  Observations

NASA's AIRS (Aumann et al., 2003) became operational in September 2002. Since 2005 NOAA has distributed 
AIRS data to the NWCs for assimilation in weather forecasting systems. AIRS data are distributed in 6 min 
granules. Each granule covers an area of about 1,500  ×  2,000  km with 90 (cross-track)  ×  135 (along-track) 
observations. Each observation has a 1.1° field of view (15 km at nadir from 707 km altitude), and produces a 
2,378 channel spectrum of calibrated radiances between 3.7 and 15.5 μm. NOAA distributes spatially and spec-
trally subsampled AIRS data. The data are spectrally subsampled by distributing only the 324 of 2,378 channels 
selected by the NWCs. The data are spatially subsampled by dividing the 90 × 135 spatial pixels into 30 × 45 
“golf balls” of 3  ×  3 pixels. From each golf ball NOAA selects the warmest pixel for distribution, with the 
assumption that the NWCs are mainly interested in clear data and that the warmest pixel in a golf ball would be 
the least cloudy pixel. Our comparisons are based on this subsampled data, since this is what is available to the 
NWCs. This selection potentially creates a warm bias, which will be discussed later.
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2.2.  Model Fields

The state of the atmosphere was obtained from a 12 hr background forecast from an experimental run of Cycle 46r1 
of the IFS (ECMWF, 2019). The IFS represents the atmosphere and clouds as profiles of cloud cover (cc), cloud ice 
water content (cic), cloud liquid water content (clc), temperature, water vapor, and ozone at 137 pressure levels. Total 
cloud cover (tcc) is derived from the cloud cover profiles. The 12 hr forecast is initialized from an analysis that assim-
ilates AIRS data and other hyperspectral infrared instruments only under clear sky conditions, and well above clouds. 
The IFS also assimilates radiances from MHS, MWHS2 (MicroWave Humidity Sounder 2), AMSR2 (Advanced 
Microwave Scanning Radiometer 2), GMI (GPM Microwave Imager), and SSMIS (Special Sensor Microwave Imag-
ing Sounder) in atmospheric window channels over the oceans at 19, 22/24, 37, 89/92, 150/166 GHz and channels 
around 183 GHz, under all-sky conditions (Geer et al., 2017). Clouds in the analysis are also indirectly constrained 
by the assimilation of temperature and moisture sensitive observations from other sensors. However, especially since 
a 12 hr forecast is being used here, the strongest constraint on the cloud fields is the model physics, which includes 
a large-scale prognostic cloud scheme and a diagnostic mass-flux convection scheme. The model fields are repre-
sented in the horizontal using a combination of spectral and gridded fields in a configuration referred to as Tco1279, 
which provides around 8–9 km sampling, depending on latitude. The model timestep is 7.5 min but only every fourth 
time step was used in the matchup process, so the maximum time offset between the IFS grid and AIRS observations 
was about 15 min. The atmospheric profiles from the IFS internal 12 hr forecast grid were interpolated to the AIRS 
sample time and position using the operators for data assimilation in the IFS.

We used the ECMWF profiles for the 12 hr period between 31 October 2018 21:00 UTC and 1 November 2018 
09:00 UTC. This time period was covered by 120 AIRS data granules. The AIRS data were merged with the IFS 
interpolated atmospheric states at the AIRS space/time locations. The model precipitation fields were not used in 
this work; this is a standard assumption when simulating all-sky infrared radiances.

2.3.  Radiative Transfer Models

The IFS data were converted to brightness temperatures using SARTA, CRTM v2.3, and PCRTM 3.4. The 
PCRTM calculations used the Chen et al. (2013) model with 2, 4, and 50 columns with the Maximum Random 
Overlap (MRO) and Exponential Random overlap cloud overlap assumptions. In the following, we refer to PCRTM 
MRO_50col as PCRTM unless stated otherwise. CRTM was used in its default Advanced Doubling-Adding 
MRO 2col mode. SARTA was used in a TwoSlab mode (effectively 2col), with clouds placed at the median 
pressure altitude of the cloud ice and cloud liquid water profiles, with the Random Overlap assumption. Our 
choice of RTMs was intended to cover the range from the highest fidelity cloud calculation (PCRTM 50col) to 
RTMs which traded some cloud fidelity for a computational less stressing approach (SARTA and CRTM). For 
the surface emissivity, we used Masuda et al. (1988) for ocean, Zhou et al. (2011) for land.

3.  Results
The computationally most economical way to evaluate the fidelity of the clouds in the IFS is to simulate one 
atmospheric window channel. We selected the 1231.3 cm −1 channel, and calculated its brightness temperature, 
bt1231. We then evaluated the difference between the observed bt1231, obs, and the calculated bt1231, cal. This 
window channel was chosen since (a) all the current generation hyperspectral sounders have a similar channel, 
(b) it is not sensitive to the distribution of CO2, Ozone, or other minor gases, (c) it is only weakly influenced by 
the water vapor continuum, about 2 K under clear conditions, (d) Non-unity surface emissivity causes only slight 
decreases in bt1231. For example, the sea surface emissivity of 0.98 decreases bt1231 by typically 1 K. Under 
ideal conditions, all effects are accounted for in the RTM calculation. Under clear ocean conditions the mean(obs-
cal) at 1231.3 cm −1 is less than 0.1 K and the SD is typically 0.4 K (Aumann et al., 2021). The bias and the SD 
change drastically with the presence of clouds, as will be discussed subsequently. We first discuss results for three 
granules. This allows us to define various metrics, which are then used for the interpretation of global results.

3.1.  Granule Analysis

We selected three of the 120 granules to define the parameters used for the analysis of the differences between the 
AIRS observation and the RTM calculations. Figure 1 shows the locations of the granules. Granule 215 (red) is 
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from the night mid-latitude ocean, granule 55 (blue) represents the night trop-
ical ocean, and granule 64 (green) is from the day tropical ocean warm pool.

3.1.1.  Granule 215

The left panel of Figure 2 shows bt1231 for the NOAA subsampled AIRS 
observations. The surface temperatures in this granule range from 274 to 294 
K. The coldest cloud tops were at 225 K. The warmest (darkest red) areas in 
term of the observed bt1231are relatively clear, although bt1231 is still 5 K 
colder than the underlying sea surface. Since water vapor accounts for about 
2 K, emissivity for about 1 K, clouds in this relatively clear area account for 
2 K. The clouds which create this 2 K effect are not necessary uniformly 
distributed over the footprint. If the 15 km diameter footprint were totally free 
of clouds above a 295 K surface, except for a 1 × 1 km thunderstorm with 
cloud top temperature of 225 K, bt1231 would drop by only 0.3 K. The 2 K 
cloud effect could thus be the result of seven thunderstorms scattered in the 
footprint, or 50% of the footprint covered with low stratus clouds 1 km above 
the surface. The colder (green and blue) areas are much more cloudy, with a 
band of high clouds stretching almost diagonally across the granule.

The center panel of Figure 2 shows the water cloud fraction, Σclw*cc/Σclw, the right panel shows the ice cloud 
fraction, Σciw*cc/Σciw, based on the IFS profiles, with the sum being over the vertical model levels. The units of 
the x and y axis in this and all subsequent granule images are the cross-track and along-track positions, separated 
by approximately 45 km. The most striking feature in the obs is the band of cold clouds, which extends from the 
mid left to the lower right corner in the granule, corresponds to a band of ice clouds.

In Figure 3, we show (obs-cal) from SARTA (left) and PCRTM MRO 50col (center). The results from two RTMs 
differ from obs in the area of mixed clouds by as much as ±40 K. Inspite of the fact that the differences between 
PCRTM and SARTA (right panel) include the inherent randomness of the cloud overlap assumptions in areas of 
broken clouds, the two RTMs agree with each other better than with the observations. The difference between 
the obs and cal may have two additional components: (a) NOAA only distributes the warmest bt1231 of each 
3 × 3 “golf balls” and (b) spatial inhomogeneity and forecast errors. The spatial inhomogeneity in a golf ball can 
be quantified by the cx1231 parameter, which is the difference between the warmest and the coldest bt1231 in a 
golf ball, calculated from the full spatial resolution AIRS data. The following provides two numerical examples.

1.	 �Assume that the center of the 3 × 3 is near the edge of a large cold cloud at 225 K over a 295 K clear surface. 
Based on the IFS, cal should be close to 225 K. Now assume that one of the 3 × 3 footprints extends half a 
footprint diameter (7 km) into the clear area at 295 K. As a result, the observed bt1231 will be 270 K, and 

Figure 1.  Locations of the three focus granules, numbers 215 (red), 64 
(green), and 55 (blue).

Figure 2.  Granule 215 as seen in terms of observed brightness temperature, bt1231 (left), the water cloud fraction (center), and ice cloud fraction (right) as described 
by the Integrated Forecast System (see text for definitions). Coordinates are the observation location across the satellite track (x axis) and along the track (y axis).
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NOAA will select the 270 K footprint for distribution. Now obs will be 45 K warmer than expected, and the 
footprint will be an extreme warm (obs-cal) outlier. The NOAA clearest of the 3 × 3 selection will produce 
only warm outliers. The cx1231 parameter for this case will be about 50 K.

2.	 �A similar situation can be caused by a space/time interpolation error, or equivalently by position errors in the 
clouds generated in the IFS forecast. Assume the same situation as above, but the edge of the cloud has shifted 
7 km, such that the footprint is now further away from the edge, with bt1231 = 220 K, or it has moved 7 km 
into the clear, and now bt1231 = 270 K. This scenario can also be reversed, a 295 K expected obs based on 
the IFS, can turn into a 270 K observed. The interpolation error thus produces positive and negative outliers, 
statistically in equal number. The cx1231 parameter for this case will be about 50 K.

Areas of high spatial nonuniformity are sensitive to the interpolation or forecast error. The left panel of Figure 4 
shows cx1231, the right panel shows (obs-cal) for SARTA (same as Figure 3a). There is an excellent visual 

Figure 3.  As Figure 2 but showing the difference between observed and calculated brightness temperature, (obs-cal) for (a) SARTA; (b) PCRTM; along with (c) the 
difference between the models themselves, PCRTM-SARTA. The two RTMs agree with each other better than with the observations.

Figure 4.  Granule 215: The left panel shows an image of the scene inhomogeneity parameter cx1231. The right panel shows (obs-cal) for SARTA, identical to 
Figure 3a. The diagonal band of broken clouds seen in the cx1231 image is seen as a band of (obs-cal) outliers.
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correlation between areas of large positive and negative outliers and large spatial inhomogeneity. This may be the 
dominant source of the observed (obs-cal) outliers. However, outliers can also be created by other errors in the 
IFS or complicated multilayer clouds. The discussion section gives further details.

We characterize the PDF of (obs-cal) using three methods.

1.	 �The Gaussian mean and SD of all footprints in a granule. As discussed above, the (obs-cal) will include large 
outliers, which inflate the SD.

2.	 �We can argue that (obs-cal) in areas of high spatial inhomogeneity are unreliable and exclude observations 
where cx1231 exceeds a threshold from the calculation of the mean and SD of (obs-cal).

3.	 �Since the NOAA distribution does not include the cx1231 parameter, we could also use quartile statistics. 
Quartile statistics effectively eliminate all positive and negative outliers, regardless of their origin. Let Q1, Q2, 
and Q3 be the first, the median, and the third quartile. The mean is replaced by Q2, and (Q3-Q1) becomes the 
effective SD. We define the quartile skew as (Q3-2*Q2 + Q1)/SD.

In Table 1, we summarize results (obs-cal) from SARTA and PCRTM MRO 50col in terms of mean and SD. 
Column #2 shows the Gaussian statistics, Columns #3 and #4 are the results with cx1231 < 10 K and cx1231 < 5 
K filtering, and column#5 shows the quartile statistics. The first number is the mean, following the ± is the SD, 
the third number, relevant only for cx1231 filtering, is the number of cases from the granule used for the statistics. 
In granule 215 88% of the data are from relatively uniform, cx1231 < 10 K, areas. For the quartile statistics only 
625 of the possible 1,350 points are used. As expected, the SD of (obs-cal) decreases, when outliers due to spatial 
inhomogeneity are removed. The effect is stronger with quartile statistics. In all cases, there is little impact on 
the mean (obs-cal).

We limited Table 1 to results from SARTA and PCRTM MRO 50col, since they represent the range from the 
computationally least and most demanding RTMs. The results are typical of other RTMs. As an example, the 
Gaussian statistics, mean ± SD, from granule#215 for CRTM are +1.1 ± 8.2 K, for PCRTM MRO 2col they are 
+0.6 ± 6.8 K.

3.1.2.  Granule 55

This granule is from a night overpass of the tropical Atlantic Ocean off the coast of Brazil. The surface temper-
ature of the ocean ranged from 300 to 322 K. Figure 5 shows the NOAA distribution of bt1231 (left panel), the 
water cloud cover (center), and the ice cloud cover from the associated IFS data.

In Figure 6, we compare (obs-cal.SARTA), (obs-cal.PCRTM.MRO.4col), and (obs-cal.PCRTM.MRO.50col) in 
granule 55. The two red areas at the center of the picture are ice clouds in the IFS not seen in the AIRS data. All 
three RTMs are up to 40 K warmer than AIRS (blue) in the lower left corner of the granule for ice clouds above 
water clouds. The red and blue pixels are typically not isolated incidents, but are seen in cluster of 10 or more 
pixels. Since each pixel subtends a 45 × 45 km area, the discrepancies between observed and IFS clouds extend 
for 100 km or more. We come back to this later.

The left panel of Figure 7 shows cx1231, the right panels repeat (obs-cal.SARTA) from Figure 6. A visual corre-
lation between cx1231 and obs-cal is seen in the lower left corner of granule 55, where (obs-cal) is negative, that 
is, the clouds in the IFS are optically too thin or too warm (low). In the center area, there is no correlation between 

Table 1 
(Obs-Cal) PDF Characterization for Granule #55, #64, and #215

Gaussian statistics cx1231 <10 K filtered cx1231 <5 K filtered Quartile statistics

# 55 SARTA +0.3 ± 10.1 +1.3 ± 8.1 1193 +2.0 ± 6.5 1034 0.36 ± 4.6

# 55 PCRTM +0.5 ± 9.0 +1.3 ± 7.2 1193 +2.0 ± 5.5 1034 0.84 ± 4.7

#215 SARTA −2.6 ± 6.6 −2.2 ± 5.9 1200 −1.2 ± 4.4 854 −0.88 ± 5.2

# 215 PCRTM +0.1 ± 6.0 +0.1 ± 5.3 1200 +0.3 ± 4.1 854 +0.21 ± 4.4

#64 SARTA 5.8 ± 23.5 3.7 ± 17.1 888 2.5 ± 12.4 640 0.7 ± 9.9

#64 PCRTM 5.6 ± 22.5 3.7 ± 16.3 888 2.5 ± 11.7 640 1.0 ± 10.4

Note. The mean ± SD are in degree K units. The third number is the number of cases used for the statistics with cx1231 
filtering. For Gaussian statistics all 1,350 points from a granule are used, the quartile statistics uses only half of the 1,350 
points.



Earth and Space Science

AUMANN ET AL.

10.1029/2022EA002652

7 of 14

cx1231 and the cold bias in cal (positive obs-cal). This indicates that in this granule some outliers are not due 
high spatial contrast, but are an indication of the limited accuracy in the IFS cloud field on a 100 km scale. The 
(obs-cal) mean and SD, the cx1231 < 10 K and cx1231 < 5 K filtered mean and SD, and the quartile statistics are 
summarized in Table 1. Only 12% of the data from granule 55 are rejected by the cx1231 < 10 K filter.

3.1.3.  Granule 64

Granule 64 is from a daytime overpass of the tropical warm pool. The surface temperature of the ocean ranged 
from 300 to 304 K. Figure 8 shows the NOAA distribution of bt1231 (left panel), the Cloud Liquid Water fraction 
(center), and the Cloud Ice Water fraction (right) from the associated IFS data. Inspection of the AIRS bt1231 
observations shows that the lower half of the granule is relatively clear (dark red). The IFS in this region has close 
to zero water cloud cover and low ice cloud cover. In the upper half of the granule AIRS obs show two areas of 
Deep Convective Clouds (DCCs), blue area where bt1231 < 220 K, but only the one on the right agrees loosely 
with an area of ice clouds in the IFS.

The left panel of Figure  9 shows the observed bt1231 (same as left panel Figure  8), the center shows 
(obs-cal.PCRTM) and the right panel shows cx1231. Only PCRTM is shown, as all RTMs essentially agree. The 

Figure 5.  Granule 55. NOAA subsample of observed bt1231 (left), the water cloud cover (center), and the ice cloud cover (right) from the Integrated Forecast System.

Figure 6.  Granule 55: Comparison of (obs-cal) from SARTA, PCRTM.MRO.4col, and PCRTM.MRO.50col. In the red pixels, the Integrated Forecast System (IFS) 
has ice clouds not seen by Atmospheric Infrared Sounder (AIRS), in the blue pixels AIRS sees cold clouds which are not in the IFS. The red and blue pixels are seen as 
cluster of 10 or more pixels. Each pixel subtends a 45 × 45 km area.
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lower half of granule 64 is relatively clear, as seen by the 300 K obs, and spatial uniformity (low cx1231). The 
small (obs-cal) shows that AIRS and the IFS agree. However, in the area centered on [col 7, row 15] in Figures 8 
and 9, the IFS sees a 40 K warmer area than the cold clouds seen in obs. But the area centered on [7, 7], which 
is very cold in the IFS, is fairly warm in the obs. Neither area is associated with a large cx1231. It appears that 
the cold clouds seen in the obs are seen in the IFS shifted about 8 pixels to the north. This is a displacement 
of 8 × 45 = 350 km. Spatial displacements of this magnitude largely cancel in the granule mean (obs-cal), but 
contribute to an enhanced SD. The granule statistics are summarized in Table 1.

An additional perspective into granule 64 is provide by two scatter diagrams. The left panel of Figure  10 
shows (obs-cal) as function of cx1231. Here, 35% of the data have cx1231 > 10 K. The outliers in (obs-cal) are 
relatively consistent with SARTA and PCRTM. Figure 10 (right panel) shows (obs-cal) as function of the local 

Figure 7.  Granule 55: cx1231 (left) and SARTA (obs-cal) (right). A cx1231 < 10 K indicates a relatively uniform cloud cover. In the center area of the granule, 
there is no visual correlation between cx1231 and the large positive (obs-cal). The extremely cold clouds in the Integrated Forecast System in this area are not seen by 
Atmospheric Infrared Sounder.

Figure 8.  Granule 64 for the NOAA subsample of observed bt1231 (left panel), the water cloud cover (center), and the ice cloud cover (right) specified in the 
Integrated Forecast System.
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sea surface temperature (Canada Meteorological Center.,  2012). The big outliers are almost exclusively at a 
surface temperature between 302.5 and 303.5 K. Sea surface temperatures warmer than 302 K are associated with 
the rapid onset of deep convection and DCCs (Aumann, Behrangi, & Wang, 2018; Aumann, Chen, et al., 2018). 
The observation that the presence of the DCCs results in almost symmetric large positive and negative outliers in 
(obs-cal) indicates that the IFS creates DCCs, but the space/time interpolation to the AIRS observations results in 
random hits and misses, which results in a large SD, with little impact on the granule mean.

3.2.  Global Results

In Figure 11, we plot SARTA and PCRTM statistics for all granules as function of latitude. In all cases, the mean 
is only weakly latitude dependent, and relatively close to zero considering the large cloud displacement errors 

Figure 9.  Granule 64. The lower half of this granule is relatively clear, as seen by the 300 K obs, and spatial uniformity (low cx1231). The small (obs-cal) in 
this area indicates that Atmospheric Infrared Sounder and the Integrated Forecast System agree. The disagreement between the observed (bt1231, left panel) and 
(obs-cal.PCRTM, center panel) is most pronounced in areas of high spatial inhomogeneity (cx1231, right panel), that is, broken clouds.

Figure 10.  (obs-cal) for granule 64. The left panel shows (obs-cal) as function of cx1231 for SARTA and PCRTM. The results are very similar. The right panel shows 
(obs-cal) for PCRTM as function of the local sea surface temperature for all data, and for data from relatively spatially uniform scenes (cx1231 < 5 K). The large 
positive and negative (obs-cal) outliers are correlated with cx1231 > 5 K. These large outliers are likely related to the onset of deep convection at surface temperatures 
above 302.5 K. The IFS creates Deep Convective Clouds, but the space/time interpolation to the AIRS observations results in random hits and misses.
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seen in the individual granules. The SD increases steeply in the tropical zone (left panel). Averaged over all lati-
tudes, the SD is 7.4 K for SARTA, 7.5 K for PCRTM. When the high scene inhomogeneity cases are removed 
with a cx1231 < 10 K filter (center), this latitude dependence is almost totally suppressed. With cx1231 < 10 
K filtering, and averaged over all granules, the Gaussian mean is −0.61 K, SD = 6.4 K for SARTA, compared 
to mean = +0.30 K, SD = 5.2 K for PCRTM. The PDF of (obs-cal) is very symmetric. The quartile skew of the 
PDF is −0.0025 for SARTA, and +0.0046 for PCRTM. The quartile statistics (right panel) effectively suppresses 
the latitude dependence and any skew. There is no significant change in the bias, and SARTA and PCRTM have 
SD = 6.3 K with quartile statistics.

4.  Discussion
4.1.  Granule Statistics

Figure 2 is an example of how good the IFS can be away from the tropics, but even there the SD(obs-calc) after 
cx1231 filtering is about 5 K. Using the [x = cross-track, y = scanline] notation in Figure 2, the band of cold 
clouds seen by AIRS extending from [0, 15] on the center left to [35, 40] in the lower righthand corner, matches 
the band of ice clouds. The band of ice clouds overlays a broader region of significant water clouds. This creates 
a complicated cloud overlap situation. This is seen by the fact that this band matches a band in (obs-cal.SARTA), 
where cal.SARTA is typically 10 K warmer than obs. These cases are better handled by PCRTM MRO 50col. 
Figure 4 (left panel) shows that this band is filled with many cx1231 > 10 K cases, that is, broken clouds. If 
these cases are eliminated from the granule statistics, the performance of SARTA and PCRTM are very close, 
but we also excluded spatially non-uniform cases were PCRTM 50 col would represent the clouds with higher 
fidelity.

Granule 55 provides more insights into differences between RTMs. Focus on the [27, 23] area in Figure 6. The 
yellow/red (obs-cal) indicates that PCRTM MRO 50col is only slightly colder than AIRS, but the red PCRTM 
MRO 4col generates colder, while the dark red SARTA (2 col MO) generates much colder brightness temper-
atures, up to 40 K colder than AIRS. This area shows quite low ice cloud amounts, but the cloud tops are high 
(about 200 hPa according to SARTA). It seems that SARTA and PCRTM MRO 4col give too much weight to 
the high clouds. Since the 50-col approaches agree best with AIRS, the IFS simulation appears to be not too far 
wrong for this cloud feature. The advantage of MRO 50col is in complicated high/low cloud overlap region.

The spatial scales of (obs-cal) discrepancies are virtually never limited to single 45 km golf balls. This indicates 
that they are not simple mismatch issues. In Figure 6, lower left corner [1:10, 32:35] the simulations are typically 
warmer than AIRS in all RTMs, that is, (obs-cal) is dark blue, and mean RTM differences reach 10–20 K. Yet, 
the IFS has high ice cloud tops (250 hPa or higher) and significant ice cloud amount (greater than 3 g/m 3 product 
of TCC and column cloud). We can only speculate that the IFS may need to put the clouds even higher, or give 
higher ice contents or cloud fractions. The bigger picture is that the IFS and reality (AIRS) are not too far apart, at 
least in terms of the shape of this convective system. At [8, 22] the IFS has cloud tops near 250 hPa and with high 
ice cloud amount. This seems to be a clear case of the IFS generating deep convection where none exists in reality.

Figure 11.  Latitude dependence of the SD of (obs-cal) from SARTA and PCRTM MRO 50col. Left: all data, Center: with a cx1231 < 10 K filter. Right: quartile 
statistics. The latitude dependence of the SD is flattened out almost equally well by cx1231 < 10 K spatial coherence filtering and quartile statistics.
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4.2.  Global Statistics

The global (obs-cal) statistics shown in Figure 11 indicate little difference between the RTMs: The mean is close 
to ±1 K, with SD = 7.5 K, independent of the methodology. When spatial inhomogeneity cases are eliminated 
directly by cx1231 filtering, or indirectly using the quartile statistics, the global SD is still about 6 K. One could 
argue that the main reason why the IFS and AIRS do not match up better is that we used a 12 hr forecast of the 
clouds, not a post-facto analysis of the IFS clouds. There is very little predictability of the smallest scales of cloud 
and precipitation for example, (sub 100 km) beyond a few hours, so it is natural that cloud features in the 12 hr 
forecast may be displaced or mis-represented compared to the observations. Figure 10 makes this point with the 
onset of deep convection in the tropical warm pool. However, even if we were looking at the analysis instead of 
the forecast, the 4D-Var assimilation technique would not get the clouds, particularly deep convection, in exactly 
the right place in the analysis, because 4D-Var is usually constrained to follow a 12 hr forecast trajectory (all-sky 
assimilation systems with much shorter timescales, e.g., on the order of 10 min, do show promise at fitting clouds 
more exactly, e.g., Sawada et al., 2019). Hence, one may conclude that the displacement and misrepresentation of 
clouds on the smallest scales is just a natural feature of any forecast cloud data set. However, as illustrated in the 
granule images, the displacements between observed and missing cold clouds can be much larger than 100 km.

Compared to the bias(obs-cal), which is typically less than 1 K, the standard deviation of (obs-cal) and the outli-
ers are revealing. The three main reasons for discrepancies between “obs” and “cal” are (a) the IFS clouds in 
the 12 hr forecast are not necessarily correct. (b) Even when they are correct, the RTMs may not be capable of 
accurately converting the IFS clouds into “obs.” (c) In areas of high cloud inhomogeneity the AIRS “obs” may not 
represent a “truth” due to a spatial and/or temporal mismatch, which gives rise to positive and negative outliers. 
For a large ensemble, the resulting bias averages to zero, but the outliers leave a tell-tale enlarged SD (e.g., of the 
order of 5 K in Figure 11).

Figure 11 shows that once the largest outliers are eliminated by removing spatially inhomogeneous scenes (either 
using the cx1231 filtering, or quartile statistics) the bias and SD are relatively independent of latitude and RTM, 
outside a few tropical locations. The concern that the NOAA selection of the warmest footprint in a 3 × 3 golf ball 
may cause the PDF of (obs-cal) to lean toward the warm side, that is, create a positive outlier skew, appears to be 
unfounded: Once the gross outliers are eliminated by cx1231 < 10 K filtering, the skew is very small.

Discrepancies between clouds in the IFS and in collocated observations have been reported previously, for exam-
ple, comparing to AMSR-E 19 and 37 GHz data (Geer & Bauer, 2011) and to IASI (Infrared Atmospheric Sound-
ing Interferometer, Geer et al., 2019). The latter used data as recent as February 2018, based on the immediate 
prior version of the IFS to the one used in our evaluation. The results indicated a lack of clouds in the IFS over the 
marine stratocumulus regions, which led to the calculated brightness temperatures being warmer than observed. 
In the inter-tropical convergence zone over ocean, the IFS appeared to overestimate convection as observed in the 
infrared, which lead to the calculated brightness temperature being colder than observed, that is, a warm bias in 
(obs-cal). In the present study, we see a rough balance between warm and cold bias, which results in a global and 
zonal mean bias close to zero, but with an enlarged SD compared to what is seen in clear-sky comparisons. Bias 
maps would likely reveal small spatial variations similar to those seen by Geer et al. (2019) but it would require 
many days of averaging to compute them; this is not available from our case study.

4.3.  Routine IFS Cloud Fidelity Evaluation

In the current IFS, the mean and SD of (obs-cal) of many channels from infrared sounders are evaluated under 
clear-sky screened conditions, and their time series are routinely monitored to assess the quality of both the obser-
vations and forecast. Monitoring the global mean and SD of (obs-cal) using a cloud-enabled RTM could similarly 
provide information on the fidelity of the model cloud field. Making the all-sky SD a routine diagnostic product 
would allow most of the area covered by infrared sounders to be utilized, not just the limited clear areas. The 
routine availability of the SD of (obs-cal) would help monitor improvements in the representation of clouds in 
the IFS and other weather forecasting systems. Future consideration could also be given to statistics with reduced 
sensitivity to outliers induced by cloud displacements, such as filtering using the spatial inhomogeneity measure 
(cx1231) or quartile statistics illustrated here. Other methods exist in the literature but can be substantially more 
complex to apply (e.g., Roberts & Lean, 2008).

For the case study presented in this paper neither data volumes nor computational complexity were a major 
issue. However, for the routine monitoring of the cloud fidelity in any model, resource requirements impose 
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severe limitations. Here, in order to generate sufficiently accurate colocations, we have made use of the inter-
nal IFS-grid time/space interpolation, which has access to the model fields every 30 min, something which is 
nearly impossible to archive or distribute externally. Hence, the routine generation of these statistics would  need 
to be done online, within the weather forecasting model. Observation simulators for climate models (e.g., 
Bodas-Salcedo et al., 2011) are run online for similar reasons. The need for the highest fidelity cloud enabled 
RTM also needs to be considered. The runtime of any cloud enabled RTM is proportional to the number of 
channels, the complexity of the cloud microphysics and associated scattering code, and the number of columns. 
More columns should increase the fidelity of the calculation, particularly for broken clouds, but they also will 
increase to computer resource requirements. In Figure  11, SARTA and PCRTM MRO 50col represent two 
extremes in terms of the computational resource requirements: SARTA uses a simple two-slab approach for 
simulating the IFS clouds, while the PCRTM 50-column MRO is intended for a more faithful simulation of the 
IFS clouds. However, we find that the decrease in bias and SD of using the highest fidelity RTM is marginal 
compared to the increase in computational complexity. This finding has a simple explanation: PCRTM MRO 
50 col is much better at handling broken clouds, but the cal under these conditions are also extremely sensitive 
to space/time interpolation errors. Filtering out the most broken cloud cases to suppress interpolation or cloud 
displacement related outliers also removes cases where a computationally more demanding RTM could have 
had an advantage.

5.  Summary
The objective of our study was to explore the use of simulated all-sky infrared radiances to quantify the 
fidelity of the clouds in model simulations, based on observation minus simulation (obs—cal). The all-sky 
approach capitalizes on the unique sensitivity of infrared observations to clouds. For our evaluation, we used 
AIRS observations and the ECMWF IFS. A main step forward was to use the internal IFS interpolation to 
achieve colocations within 15 min and 5 km, much better than achieved in our previous comparison (Aumann, 
Behrangi, & Wang, 2018; Aumann, Chen, et al., 2018) and difficult to achieve outside of a forecast model 
(i.e., in an “offline” study). Detailed examination of the differences on the granule scale showed that modeled 
and observed clouds are often displaced, likely due to forecast error and remaining interpolation error. While 
some of the discrepancies between AIRS and the IFS could be explained by spatial and temporal mismatch 
issues in spatially inhomogeneous areas, there are cases in spatially relatively uniform areas where the IFS 
claims deep convection where none exists in reality or the deep convection is displaced by hundreds of kilo-
meters. This leads to large standard deviations of (obs-cal) on the granule scale. However, granule averages 
are almost unaffected by these displacements, given the small granule mean of (obs-cal). The effect of these 
displacements can be reduced by eliminating scenes using measures of spatial inhomogeneity or quartile 
statistics. This work has also evaluated different RTMs, illustrating the benefits of using large numbers of 
columns to represent cloud overlap in complex cloud profiles. However, when the most complex scenes are 
removed using the spatial inhomogeneity filter or quartile statistics, little is gained from RTMs with more 
than two columns.

A possible metric of the IFS cloud fidelity is the standard deviation of the all-sky (obs-cal) for a chosen window 
channel. We illustrated this with AIRS data, but the proposed metric applies to any hyperspectral infrared sound-
ers. Even when the SD of all-sky (obs-cal) is filtered for the most spatially inhomogeneous cases, it still utilizes an 
order of magnitude more of the infrared sounder observations than in current clear-sky approaches. If calculated 
online within the processing chains of a weather forecasting system such as the IFS, the time series of all-sky 
(obs-cal) statistics like SD would provide routine feedback on improvement in the quality of the clouds.

Data Availability Statement
The IFS files and the associated AIRS matchup files are freely available from https://thunder.jpl.nasa.gov/ftp/
hha/ECMWF20181101/. The elat, elon, esolzen and ebt1231 in each of the 120 matchup files are the latitude, 
longitude, solar zenith angle, and bt1231 of the NOAA distribution. The index eptr points to the matching atmos-
pheric state in https://thunder.jpl.nasa.gov/ftp/hha/ECMWF_profiles_airs_ingest_2018110100.mat. The IFS 
profiles are under ECMWF copyright, but are used under a creative commons CC BY 4.0 attribution license (see 
https://apps.ecmwf.int/datasets/licences/general/).

https://thunder.jpl.nasa.gov/ftp/hha/ECMWF20181101/
https://thunder.jpl.nasa.gov/ftp/hha/ECMWF20181101/
https://thunder.jpl.nasa.gov/ftp/hha/ECMWF20181101/ECMWF_profiles_airs_ingest_2018110100.mat
https://apps.ecmwf.int/datasets/licences/general/


Earth and Space Science

AUMANN ET AL.

10.1029/2022EA002652

13 of 14

References
Allan, R. P., Slingo, A., Milton, S. F., & Brooks, M. E. (2007). Evaluation of the Met Office global forecast model using Geostationary Earth 

Radiation Budget (GERB) data. Quarterly Journal of the Royal Meteorological Society, 133(629), 1993–2010. https://doi.org/10.1002/qj.166
Aumann, H. H., Behrangi, A., & Wang, Y. (2018). Increased frequency of extreme tropical deep convection: AIRS observations and climate 

model predictions. Geophysical Research Letters, 45(24), 13530–13537. https://doi.org/10.1029/2018GL079423
Aumann, H. H., Chahine, M. T., Gautier, C., Goldberg, M., Kalnay, E., McMillin, L., et al. (2003). AIRS/AMSU/HSB on the Aqua mission: 

Design, science objectives, data products and processing systems. IEEE Transactions on Geoscience and Remote Sensing, 41(2), 253–264. 
https://doi.org/10.1109/tgrs.2002.808356

Aumann, H. H., Chen, X., Fishbein, E., Geer, A., Havemann, S., Huang, X., et al. (2018). Evaluation of radiative transfer models with clouds. 
Journal of Geophysical Research: Atmospheres, 123(11), 6142–6157. https://doi.org/10.1029/2017jd028063

Aumann, H. H., Manning, E., Wilson, C., & Vazquez-Cuervo, J. (2021). Evaluation of bias and trends in AIRS and CrIS SST measurements. 
IEEE Transactions on Geoscience and Remote Sensing, 59(10), 8094–8102. https://doi.org/10.1109/TGRS.2021.3052152

Bodas-Salcedo, A., Webb, M. J., Bony, S., Chepfer, H., Dufresne, J. L., Klein, S. A., et al. (2011). COSP: Satellite simulation software for model 
assessment. Bulletin of the American Meteorological Society, 92(8), 1023–1043. https://doi.org/10.1175/2011bams2856.1

Canada Meteorological Center. (2012). CMC 0.2 deg global sea surface temperature analysis. Ver. 2.0 [Dataset]. PO.DAAC, CA, USA. https://
doi.org/10.5067/GHCMC-4FM02

Chen, X., Huang, X., & Liu, X. (2013). Non-negligible effects of cloud vertical overlapping assumptions on longwave spectral fingerprinting 
studies. Journal of Geophysical Research: Atmospheres, 118(13), 7309–7320. https://doi.org/10.1002/jgrd.50562

Chevallier, F., & Kelly, G. (2002). Model clouds as seen from space: Comparison with geostationary imagery in the 11 μm window channel. 
Monthly Weather Review, 130(3), 712–722. https://doi.org/10.1175/1520-0493(2002)130<0712:mcasfs>2.0.co;2

Collard, A. D., & McNally, A. P. (2009). The assimilation of Infrared Atmospheric Sounding Interferometer radiances at ECMWF. Quarterly 
Journal of the Royal Meteorological Society, 135(641), 1044–1058. https://doi.org/10.1002/qj.410

Ding, S., Yang, P., Weng, F., Liu, Q., Han, Y., VanDelst, P., et al. (2011). Validation of the community radiative transfer model. Journal of Quan-
titative Spectroscopy and Radiative Transfer, 112, 1050–1064. https://doi.org/10.1016/j.jqsrt.2010.11.009

ECMWF. (2019). IFS documentation Cy46r1. Retrieved from http://www.ecmwf.int/en/forecasts/documentation-and-support
Eresmaa, R. (2014). Imager-assisted cloud detection for assimilation of Infrared Atmospheric Sounding Interferometer radiances. Quarterly 

Journal of the Royal Meteorological Society, 140, 2342–2352.
Geer, A. J., Baordo, F., Bormann, N., Chambon, P., English, S. J., Kazumori, M., et al. (2017). The growing impact of satellite observations 

sensitive to humidity, cloud, and precipitation. The Quarterly Journal of the Royal Meteorological Society, 143(709), 3189–3206. https://doi.
org/10.1002/qj.3172

Geer, A. J., & Bauer, P. (2011). Observational error in all-sky data assimilation. Quarterly Journal of the Royal Meteorological Society, 137(661), 
2024–2037. https://doi.org/10.1002/qj.830

Geer, A. J., Migliorini, S., & Matricardi, M. (2019). All-sky assimilation of infrared radiances sensitive to mid- and upper-tropospheric moisture 
and cloud. Atmospheric Measurement Techniques, 12(9), 4903–4929. https://doi.org/10.5194/amt-12-4903-2019

Guidard, V., Fourrié, N., Brousseau, P., & Rabier, F. (2011). Impact of IASI assimilation at global and convective scales and challenges for the 
assimilation of cloudy scenes. The Quarterly Journal of the Royal Meteorological Society, 137(661), 1975–1987. https://doi.org/10.1002/
qj.928

Lavanant, L., Fourrié, N., Gambacorta, A., Grieco, G., Heilliettee, S., Hilton, F. I., et al. (2011). Comparison of cloud products within IASI 
footprints for the assimilation of cloudy radiances. The Quarterly Journal of the Royal Meteorological Society, 137(661), 1988–2003. https://
doi.org/10.1002/qj.917

Li, J. A., Okamoto, K. K., Liu, Z. J., Wang, P., Liu, Z. Q., Han, W., & Wang, P. (2021). Satellite all-sky infrared radiance assimilation: Recent 
progress and future perspectives. Advances in Atmospheric Sciences, 39(1), 9–21. https://doi.org/10.1007/s00376-021-1088-9

Liu, X., Smith, W. L., Zhou, D. K., & Larar, A. (2006). Principal component-based radiative transfer model for hyperspectral sensors: Theoretical 
concept. Applied Optics, 45(1), 201–209. https://doi.org/10.1364/ao.45.000201

Liu, X., Yang, Q., Li, H., Jin, Z., Wu, W., Kizer, S., et al. (2016). Development of a fast and accurate PCRTM radiative transfer model in the solar 
spectral region. Applied Optics, 55(29), 8236–8247. https://doi.org/10.1364/ao.55.008236

Liu, X., Zhou, D. K., Larar, A. M., Smith, W. L., Schluessel, P., Newman, S. M., et al. (2009). Retrieval of atmospheric profiles and cloud proper-
ties from IASI spectra using super-channels. Atmospheric Chemistry and Physics, 9(23), 9121–9142. https://doi.org/10.5194/acp-9-9121-2009

Machado, S., DeSouza, L., Larrabee, S., Andrew, T., Xianglei, H., Xiuhong, C., et al. (2017). Single footprint retrievals for AIRS using a fast 
TwoSlab cloud-representation model and the SARTA all-sky infrared radiative transfer algorithm. Atmospheric Measurement Techniques, 
11(1), 529–550. https://doi.org/10.5194/amt-11-529-2018

Masuda, K., Takashima, T., & Takayama, Y. (1988). Emissivity of pure and sea waters for the model sea surface in the infrared window regions. 
Remote Sensing of Environment, 24(2), 313–329. https://doi.org/10.1016/0034-4257(88)90032-6

Masunaga, H., Matsui, T., Tao, W. K., Hou, A. Y., Kummerow, C. D., Nakajima, T., et  al. (2010). Satellite data simulator unit: A multi-
sensor, multispectral satellite simulator package. Bulletin of the American Meteorological Society, 91(12), 1625–1632. https://doi.
org/10.1175/2010bams2809.1

McNally, A. P. (2009). The direct assimilation of cloud-affected satellite infrared radiances in the ECMWF 4D-Var. The Quarterly Journal of the 
Royal Meteorological Society, 135(642), 1214–1229. https://doi.org/10.1002/qj.426

McNally, A. P., & Watts, P. D. (2003). A cloud detection algorithm for high-spectral-resolution infrared sounders. The Quarterly Journal of the 
Royal Meteorological Society, 129(595), 3411–3423. https://doi.org/10.1256/qj.02.208

Okamoto, K., Hayashi, M., Hashino, T., Nakagawa, M., & Okuyama, A. (2021). Examination of all-sky infrared radiance simulation of 
Himawari-8 for global data assimilation and model verification. The Quarterly Journal of the Royal Meteorological Society, 147(740), 1–17. 
https://doi.org/10.1002/qj.4144

Okamoto, K., McNally, A. P., & Bell, W. (2014). Progress towards the assimilation of all-sky infrared radiances: An evaluation of cloud effects. 
The Quarterly Journal of the Royal Meteorological Society, 140(682), 1603–1614. https://doi.org/10.1002/qj.2242

Okamoto, K., Sawada, Y., & Kunii, M. (2019). Comparison of assimilating all-sky and clear-sky infrared radiances from Himawari-8 in a mesos-
cale system. The Quarterly Journal of the Royal Meteorological Society, 145(719), 745–766. https://doi.org/10.1002/qj.3463

Otkin, J. A., & Potthast, R. (2019). Assimilation of all-sky SEVIRI infrared brightness temperatures in a regional-scale ensemble data assimila-
tion system. Monthly Weather Review, 147(12), 4481–4509. https://doi.org/10.1175/MWR-D-19-0133.1

Roberts, N. M., & Lean, H. W. (2008). Scale-selective verification of rainfall accumulations from high-resolution forecasts of convective events. 
Monthly Weather Review, 136(1), 78–97. https://doi.org/10.1175/2007mwr2123.1

Acknowledgments
The research described in this paper 
was carried out at the Jet Propulsion 
Laboratory, California Institute of 
Technology, under a contract with the 
National Aeronautics and Space Admin-
istration. Work at UMBC was supported 
by NASA. The effort at the University of 
Michigan was supported by NASA Grants 
80NSSC18K1033 and 80NSSC19K1472. 
Work at NASA Langley was supported by 
the NASA 2017 Research Opportunities 
in Space and Earth Sciences (ROSES) 
solicitation NNH17ZDA001N-TASNPP: 
The Science of Terra, Aqua, and Suomi 
NPP and the NASA 2020 ROSES 
solicitation NNH20ZDA001N: NASA 
Suomi National Polar-orbiting Partnership 
(NPP) and the Joint Polar Satellite System 
(JPSS) Satellites Standard Products for 
Earth System Data Records.

https://doi.org/10.1002/qj.166
https://doi.org/10.1029/2018GL079423
https://doi.org/10.1109/tgrs.2002.808356
https://doi.org/10.1029/2017jd028063
https://doi.org/10.1109/TGRS.2021.3052152
https://doi.org/10.1175/2011bams2856.1
https://doi.org/10.5067/GHCMC-4FM02
https://doi.org/10.5067/GHCMC-4FM02
https://doi.org/10.1002/jgrd.50562
https://doi.org/10.1175/1520-0493(2002)130%3C0712:mcasfs%3E2.0.co;2
https://doi.org/10.1002/qj.410
https://doi.org/10.1016/j.jqsrt.2010.11.009
http://www.ecmwf.int/en/forecasts/documentation-and-support
https://doi.org/10.1002/qj.3172
https://doi.org/10.1002/qj.3172
https://doi.org/10.1002/qj.830
https://doi.org/10.5194/amt-12-4903-2019
https://doi.org/10.1002/qj.928
https://doi.org/10.1002/qj.928
https://doi.org/10.1002/qj.917
https://doi.org/10.1002/qj.917
https://doi.org/10.1007/s00376-021-1088-9
https://doi.org/10.1364/ao.45.000201
https://doi.org/10.1364/ao.55.008236
https://doi.org/10.5194/acp-9-9121-2009
https://doi.org/10.5194/amt-11-529-2018
https://doi.org/10.1016/0034-4257(88)90032-6
https://doi.org/10.1175/2010bams2809.1
https://doi.org/10.1175/2010bams2809.1
https://doi.org/10.1002/qj.426
https://doi.org/10.1256/qj.02.208
https://doi.org/10.1002/qj.4144
https://doi.org/10.1002/qj.2242
https://doi.org/10.1002/qj.3463
https://doi.org/10.1175/MWR-D-19-0133.1
https://doi.org/10.1175/2007mwr2123.1


Earth and Space Science

AUMANN ET AL.

10.1029/2022EA002652

14 of 14

Sawada, Y., Okamoto, K., Kunii, M., & Miyoshi, T. (2019). Assimilating every-10 min Himawari-8 infrared radiances to improve convective 
predictability. Journal of Geophysical Research: Atmospheres, 124(5), 2546–2561. https://doi.org/10.1029/2018jd029643

Vidot, J., Baran, A. J., & Brunel, P. (2015). A new ice cloud parameterization for infrared radiative transfer simulation of cloudy radiances: 
Evaluation and optimization with IIR observations and ice cloud profile retrieval products. Journal of Geophysical Research: Atmospheres, 
120(14), 6937–6951. https://doi.org/10.1002/2015JD023462

Zhou, D. K., Larar, A. M., Liu, X., Smith, W. L., Strow, L. L., Yang, P., et al. (2011). Global land surface emissivity.retrieved from satellite  
ultraspectral IR measurements. IEEE Transactions on Geoscience and Remote Sensing, 49(4), 1277–1290. https://doi.org/10.1109/TGRS. 
2010.2051036

https://doi.org/10.1029/2018jd029643
https://doi.org/10.1002/2015JD023462
https://doi.org/10.1109/TGRS.2010.2051036
https://doi.org/10.1109/TGRS.2010.2051036

	Global Evaluation of the Fidelity of Clouds in the ECMWF Integrated Forecast System
	Abstract
	Plain Language Summary
	1. Introduction
	2. Data
	2.1. Observations
	2.2. Model Fields
	2.3. Radiative Transfer Models

	3. Results
	3.1. Granule Analysis
	3.1.1. Granule 215
	3.1.2. Granule 55
	3.1.3. Granule 64

	3.2. Global Results

	4. Discussion
	4.1. Granule Statistics
	4.2. Global Statistics
	4.3. Routine IFS Cloud Fidelity Evaluation

	5. Summary
	Data Availability Statement
	References


