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ABSTRACT

This paper presents the cloud-parameter data records derived from High Resolution Infrared Radiation

Sounder (HIRS) measurements from 1980 through 2015 on the NOAA andMetOp polar-orbiting platforms.

Over this time period, theHIRS sensor has been flown on 16 satellites fromTIROS-N throughNOAA-19 and

MetOp-A and MetOp-B, forming a 35-yr cloud data record. Intercalibration of the Infrared Advanced

Sounding Interferometer (IASI) andHIRS onMetOp-A has created confidence in the onboard calibration of

this HIRS as a reference for others. A recent effort to improve the understanding of IR-channel response

functions of earlier HIRS sensor radiancemeasurements using simultaneous nadir overpasses has produced a

more consistent sensor-to-sensor calibration record. Incorporation of a cloud mask from the higher-spatial-

resolution Advanced Very High Resolution Radiometer (AVHRR) improves the subpixel cloud detection

within the HIRS measurements. Cloud-top pressure and effective emissivity («f, or cloud emissivity multi-

plied by cloud fraction) are derived using the 15-mm spectral bands in the carbon dioxide (CO2) absorption

band and implementing the CO2-slicing technique; the approach is robust for high semitransparent clouds but

weak for low clouds with little thermal contrast from clear-sky radiances. This paper documents the effort to

incorporate the recalibration of the HIRS sensors, notes the improvements to the cloud algorithm, and

presents the HIRS cloud data record from 1980 to 2015. The reprocessed HIRS cloud data record reports

clouds in 76.5% of the observations, and 36.1% of the observations find high clouds.

1. Introduction

Cloud properties are derived from measurements

from 1980 through 2015 made by the series of High

Resolution Infrared Radiation Sounder (HIRS) sensors

that have flown on 16 different polar-orbiting platforms.

Over the course of this record, the HIRS sensors are

generally available on both morning and afternoon

platforms.Often there aremultiple sensors in each orbit,

especially in recent years; thus the complete HIRS re-

cord includes over 80 satellite years, or partial years,

of data.

The HIRS record provides the only satellite-based

infrared (IR) measurements from 1978 onward to the

present in the 4.3- and 15-mm carbon dioxide (CO2)

absorption bands and in the 6.7-mm water vapor (H2O)

absorption band; both cloud and moisture properties

can be studied with the same sensor. The cloud prop-

erties pertinent to this study are the cloud-top pres-

sure (CTP), cloud-top temperature, cloud-top height,

and cloud effective emissivity («f, which is cloud

emissivity « multiplied by cloud fraction f ). These

parameters are derived using the 15-mm spectral bands

in theCO2-slicing approach, which has also been adopted

for operational Moderate Resolution Imaging Spectror-

adiometer (MODIS) measurements (Menzel et al. 2008;

Baum et al. 2012) from the National Aeronautics and

Space Administration (NASA) Terra and Aqua plat-

forms. The specific implementation used for this anal-

ysis is patterned after that of MODIS collection 6.

TheCO2-slicing approach is effective for characteriz-

ing high-altitude, transmissive ice clouds and has been

used in earlier studies with HIRS (Wylie and Menzel

1999; Wylie et al. 2005).

A series of operational HIRS sensors were flown on

National Oceanic and Atmospheric Administration

(NOAA) platforms beginning with TIROS-N, followed
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by NOAA-6 through NOAA-19. HIRS is also recently

found on the MetOp-A and MetOp-B platforms oper-

ated by the European Organisation for the Exploitation

of Meteorological Satellites (EUMETSAT). A com-

panion sensor on each of these platforms is the Ad-

vanced Very High Resolution Radiometer (AVHRR).

Concurrent with efforts to infer cloud properties from

HIRS, a separate task is ongoing to provide cloud

properties from the AVHRR record (Heidinger et al.

2014). An AVHRR imager is present on each of the

platforms that carry a HIRS. The Clouds from

AVHRR—Extended (CLAVR-x) project provides

cloud products at Global Area Coverage (GAC) 4-km

resolution. The cloud climate component of CLAVR-x

is called AVHRR Pathfinder Atmospheres—Extended

(PATMOS-x; Foster and Heidinger 2013).

The HIRS platforms, years of their operational cov-

erage, and total years of service are provided in Table 1

(TIROS-N data were not available for this study; hence

our cloud data record starts in 1980). ‘‘Operational

coverage’’ refers to the period for which measurements

from a specific HIRS were used to derive operational

products, which is generally only a portion of the total

working life of the sensor. Unlike the NASA Earth

Observing System Terra andAqua satellites, which have

fixed equator-crossing times over the entire life of the

missions, the NOAA platforms had relatively stable

equatorial overpass times during the operational por-

tion of their tenure, after which the orbits were often

allowed to decay over time.

To properly interpret the extended HIRS record, one

has to understand the calibration characteristics of each

sensor, the spectral response functions (SRF) of each

channel for each sensor, and the impact of orbital drift

on the inferred cloud properties. Since the study pre-

sented in Wylie et al. (2005), a variety of changes have

been made to the processing chain and are summarized

below. Where possible, reference is made to other

studies that provide greater detail. Further description,

where warranted, is provided in section 2.

A summary of algorithm and calibration refinements

employed in the current study is as follows:

1) Through an extensive recalibration process (Cao and

Goldberg 2009; Chen and Cao 2012; Chen et al.

2013), the HIRS measurements have become more

consistent from platform to platform (via radiative

transfer calculations performed in theCO2 spectral

bands). The process for improving the calibration

involves using the high-spectral-resolution IR sensor

Infrared Advanced Sounding Interferometer (IASI)

to investigate the SRFs forCO2 andH2O bands. The

calibration is stepped back in time using simulta-

neous nadir overpasses (SNOs). In the absence of

SNOs, the geosounder data from theCO2 spectral

bands [from the Visible-Infrared Spin-Scan Radiom-

eter (VISSR) Atmospheric Sounder (VAS)] were

used in a double-differencing approach to connect

NOAA-6 onward with NOAA-9. Shi et al. (2008)

noted scene-dependent HIRS intersatellite biases

that the HIRS recalibration process mitigates.

2) InWylie et al. (2005), the determination of whether a

HIRS field of view (FOV) was clear sky or cloudy

was based on multiple passes through the data and

was a source of uncertainty given the large FOV and

the difficulty in discerning low-level clouds. In this

study, the PATMOS-x cloud mask and cloud type

(Heidinger et al. 2014) within each HIRS FOV

TABLE 1. List ofHIRS platforms, sensors, equator-crossing times, and periods of operation. TheHIRSFOV size is nominally;20 km at

nadir forHIRS/2 andHIRS/3 sensors but decreased to 10-km resolution at nadir forHIRS/4.HIRS/3 has an improved signal-to-noise ratio

over that from HIRS/2 sensors but the same FOV size. TIROS-N data were not available for this study.

Platform Sensor At-launch equator-crossing time (UTC) Operational period

NOAA-6 HIRS/2 0800 27 Jun 1979–5 Mar 1983

NOAA-7 HIRS/2 1400 19 Aug 1983–24 Feb 1985

NOAA-8 HIRS/2 0700 20 Jun 1983–31 Oct 1985

NOAA-9 HIRS/2 1400 25 Feb 1985–7 Nov 1988

NOAA-10 HIRS/2 0730 17 Nov 1986–13 May 1991

NOAA-11 HIRS/2I 1400 8 Nov 1988–10 Apr 1995

NOAA-12 HIRS/2 0730 14 May 1991–30 May 1997

NOAA-14 HIRS/2I 1400 11 Apr 1995–19 Mar 2001

NOAA-15 HIRS/3 0730 15 Dec 1998–15 Oct 2002

NOAA-16 HIRS/3 1400 20 Mar 2001–29 Aug 2005

NOAA-17 HIRS/3 1000 16 Oct 2002–1 Jun 2009

NOAA-18 HIRS/4 1400 30 Aug 2005–1 Jun 2009

NOAA-19 HIRS/4 1400 2 Jun 2009–present

MetOp-A HIRS/4 1000 21 May 2007–23 Apr 2013

MetOp-B HIRS/4 1000 24 Apr 2013–present
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determine the cloud fraction and phase. The

AVHRR products are collocated within the HIRS

FOV using the method of Nagle and Holz (2009).

3) The IR channels used are affected primarily byCO2,

O3, andH2O. For radiative calculations, theCO2

concentration is increased over the 40-yr time period

following a sinusoidal approximation,H2O concen-

trations are provided by the National Centers for

Environmental Prediction (NCEP) Climate Forecast

System Reanalysis (CFSR; Saha et al. 2010) product

at 0.58 resolution, andO3 profiles are estimated from a

combination of CFSR and climatological values.

4) The algorithmused for theMODIS collection-6 cloud-

top pressure/height operational products (Menzel

et al. 2008; Baum et al. 2012) is adopted here. This

includes detection of deep tropical convective clouds

that potentially overshoot the tropopause [upper-

tropospheric/lower-stratospheric (UTLS) clouds] as

introduced in Schmetz et al. (1997). Kolat et al.

(2013) have described the UTLS cloud-detection

algorithm applied to HIRS data.

Section 2 describes the sensors, data products, and ra-

diative transfer model used in this study. Section 3

briefly describes the algorithm refinements, with details

provided in earlier studies. Section 4 presents the HIRS

cloud record over the period from 1980 through 2015.

Section 5 offers conclusions and comments on continu-

ation of the HIRS cloud dataset beyond the lifetime of

the HIRS instruments. Regional studies and inferences

about decadal changes remain the focus of future work.

2. Data and models

a. HIRS

The HIRS sensor has remained basically unchanged

over the course of more than 30 years, taking measure-

ments at 19 IR channels (see Table 2) and one solar

channel. This is a sounding instrument that takes mea-

surements using a ‘‘stop and stare’’ approach in which a

rotating filter wheel steps through the various IR-

channel measurements. For the HIRS sensors, a scan

takes 6.4 s and provides the radiance measurements for

56 FOVs over a swath of approximately 2160km. With

HIRS/4 the FOV was improved from the earlier con-

tiguous 20 km to a sampled 10km. An SRF is de-

termined before launch for each HIRS IR channel on

every sensor, but recent comparisons between MODIS

and Atmospheric Infrared Sounder (AIRS) indicate

that slight adjustments to the IR-channel SRFs may be

necessary to achieve greater radiometric consistency

(e.g., Tobin et al. 2006; Baum et al. 2012). The same issue

is found to be true for theHIRS sensors. Comprehensive

global and seasonal comparison of the radiances mea-

sured by the broadband HIRS and the high-spectral-

resolution IASI on MetOp-A has suggested spectral

shifts for the MetOp-A HIRS and established it as a

reference sensor. Intercalibration of the MetOp-A

HIRS with earlier HIRS using SNOs has helped to

create a more consistent sensor-to-sensor calibration

record (see Table 3). Studies by Cao and Goldberg

(2009) and Chen et al. (2013) provide an extensive

TABLE 2. List of HIRS channels. For HIRS/2I, channel 10 changed from 1225 to 802 cm21 (from 8.2 to 12.5mm).

Central wavenumber (cm21)

Channel HIRS/2/2I HIRS/3 HIRS/4 Principal absorbing components Peak in weighting function (hPa)

1 668 669 669 CO2 25

2 680 680 680 CO2 50

3 691 690 690 CO2 70

4 703 703 703 CO2 250

5 717 716 716 CO2 400

6 733 733 733 CO2 600

7 749 749 749 CO2 900

8 899 900 900 Window Surface

9 1032 1030 1030 O3 30

10 1225 802 802 H2O Surface

11 1365 1365 1365 H2O 500

12 1483 1533 1533 H2O 300

13 2190 2188 2188 N2O 1000

14 2209 2210 2210 N2O 600

15 2243 2235 2235 CO2/N2O 700

16 2276 2245 2245 CO2/N2O 400

17 2359 2420 2420 CO2 Surface

18 2518 2515 2515 Window Surface

19 2668 2660 2660 Window Surface

20 14 549 14 500 14 500 Visible Cloud/albedo
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reevaluation of the HIRS calibration and SRF charac-

teristics that are adopted in this study.

b. Clouds from PATMOS-x

The resolution of the AVHRR GAC data is 4km

(constructed from 4 of every 5 pixels on every third

AVHRR scan line at native 1-km resolution), whereas the

resolution of the HIRS/2 and HIRS/3 FOV is 20km, and

that of HIRS/4 is 10km. We note earlier efforts to collo-

cate AVHRR and HIRS (e.g., Aoki 1985; Baum et al.

1992; Frey et al. 1996). TheHIRS–AVHRR collocation is

performed for the sensor pair on each platform using the

approach discussed in Nagle and Holz (2009). The num-

ber of collocated AVHRR pixels found within HIRS/2

and HIRS/3 FOVs ranges between 20 (nadir) and 35

(edge of scan), and it ranges between 5 and 12 forHIRS/4.

For the operational days attributed to HIRS, the

AVHRR data collocated with the HIRS data are miss-

ing for 7.2% of the HIRS data record; this increases to

12.7% when considering the PATMOS-x cloud mask

because of data-quality issues. The problems were most

prevalent for NOAA-6.

Determination of whether a HIRS FOV is clear or

cloudy is accomplished by consulting the higher-spatial-

resolution AVHRR PATMOS-x cloud mask. The cloud

probability for any given AVHRR pixel is provided

from a naïve Bayesian cloud-detection algorithm

(Heidinger et al. 2012). If an AVHRR pixel has a cloud

probability that is greater than 0.5, it is labeled as cloudy.

For aHIRS FOV to be labeled as cloudy, at least 15%of

the collocated AVHRR pixels must have a cloud prob-

ability of greater than 0.5.

The CLAVR-x products also include a land–sea tag as

well as a cloud-phase designation (Pavolonis et al. 2005).

The latter is used to screenCO2-slicing retrievals. Over

water, if the fraction of water-phase clouds within

the HIRS FOV is greater than or equal to 0.75 and the

HIRS CTP is greater than or equal to 440 hPa, then the

CTP is based solely on the infrared-window 11-mm chan-

nel (HIRS channel 8). From the MODIS experience

TABLE 3. Suggested spectral shifts (in wavenumber) suggested by IASI and simultaneous nadir overpasses; positive values indicate

a shift to larger wavenumber [from Chen et al. (2013)]. No SRF shifts were found to be necessary for channel 6 (13.7mm), and no shifts

were applied to NOAA-8.

Platform Channel 4 (14.2mm) Channel 5 (14.2mm) Channel 7 (14.2mm)

NOAA-6 0.31 0.70 0.70

NOAA-7 20.18 0.10 1.20

NOAA-9 0.43 2.66 20.48

NOAA-10 0.95 1.56 20.93

NOAA-11 1.72 2.05 0.15

NOAA-12 0.47 2.23 22.06

NOAA-14 1.97 3.13 1.22

NOAA-15 20.21 0.27 1.01

NOAA-16 0.22 0.62 0.47

NOAA-17 0.54 0.72 0.44

NOAA-18 20.71 20.37 20.49

NOAA-19 None 20.12 0.10

MetOp-A 20.15 0.10 20.15

MetOp-B 21.21 20.43 20.54

TABLE 4. Summary of HIRS reprocessing of cloud properties.

Spectral bands used: IR only using IRCO2- and IR-window bands

Orbits processed: Both ascending and descending for a.m. and p.m. local crossings

Coverage: Contiguous FOVS (with 20-km resolution at nadir) for HIRS/2/2I/3 over entire globe within 328 of nadir; for HIRS/4 this

changed to 10-km FOVS sampled every 20 km

Cloud mask: PATMOS-x cloud mask applied to AVHRR GAC data plus CO2-channel screening of thin cirrus

Clear radiance estimate: Explicit forward radiance calculation (from NCEP CFSR) with calculated minus measured radiance bias

adjustment

Cloud parameters processed: Effective cloud amount and cloud-top pressure

Cloud classification: High (CTP , 440 hPa), middle (440 # CTP # 680 hPa), and low (CTP . 680 hPa) along with thin («f , 0.5), thick

(0.5 # «f # 0.95), and opaque («f . 0.95)

Diurnal segmentation: By LT and u0 as follows: Nighttime (u0 .858 and 0000# LT, 1200), morning (u0 # 858 and 0000, LT, 1200),

afternoon (u0 # 858 and 1200 # LT , 2400), and evening (u0 . 858 and 1200 , LT , 2400)

Strength: Good detection of high thin clouds even in partly cloudy FOVs

Weakness: Thermal contrast for low clouds and polar clouds is often too small for reliable cloud detection and cloud-property evaluation
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(Baum et al. 2012), better CTPs have been realized for

water clouds when assuming an opaque cloud requiring

only a cloud-fraction adjustment (available here from the

AVHRR-based cloud mask).

c. Radiative transfer model and CFSRmeteorological
product

An issue of paramount importance for the inference

of cloud properties is the determination of the clear-sky

radiance within a HIRS FOV. The PATMOS-x cloud

mask provides one of the largest improvements in the

detection of clear-sky pixels within a HIRS FOV. In

addition, screening for thin cirrus is applied to the

PATMOS-x-derived clear-sky HIRS FOVs using

theCO2 channels (this additionalCO2-slicing screening

finds thin cirrus in 1.7% of the HIRS observations that

was missed by theAVHRR cloudmask). Along with the

measured clear-sky radiance for each of the HIRS

channels, a radiative transfer calculation is also per-

formed using the Pressure Layer Fast Algorithm

for Atmospheric Transmittances (PFAAST) model

(Hannon et al. 1996). The PFAAST radiative transfer

calculations are performed at 101 vertical levels using

atmospheric profiles of temperature, humidity, and

ozone (O3) that are based on the CFSR data at 0.58
spatial resolution.

The clear-sky measurements in the HIRSCO2 ab-

sorption bands are compared with forward-model cal-

culations of clear-sky channel radiances using the NCEP

CFSR temperature, moisture, and ozone soundings. The

comparison of the measured-to-modeled clear-sky ra-

diances is made to establish the clear-sky radiance bia-

ses; there are always differences between measured and

calculated clear-sky radiances. Biases are determined

daily and composited into monthly clear-sky radiance

biases (CSRBs); this radiance bias is used retrospec-

tively for the whole month.

Improvements in clear-sky radiance calculations were

made by 1) implementing a 101-level radiative transfer

model, PFAAST (Hannon et al. 1996; Strow et al. 2006),

in the data reduction, 2) adjusting the ozone profile

between 10 and 100 hPa to values from the NCEP–

NCAR reanalysis (Kalnay et al. 1996) (so thatCO2 ra-

diances influenced byO3 profiles are calculated more

accurately), and 3) using a sinusoidally varyingCO2

concentration that increases 1.5 ppmvyr21 from 337.5 in

January of 1980 with a seasonal amplitude change of

63 ppmv. Thus,

CO
2
(x)5 [mx1 a sin(2px)/365]1 b , (1)

where m 5 1.5 ppmv/365, b 5 337.5 ppmv, a 5 3 ppmv,

and x 5 number of days since 1 January 1980.

CSRBs are maintained for HIRS bands 4–7 on both

daily and monthly scales as part of the cloud-properties

processing chain. Monthly mean 18 zonal biases are used
to correct individual forward-model calculations in

theCO2-slicing algorithm to account for uncertainties in

the input CFSR-profile data.

3. Method

The implementation of the CTP algorithm (level-2

processing of individual HIRS FOVs) for the HIRS data

FIG. 1. (a) CTP (hPa) determined from radiances measured by

the HIRS on MetOp-A on 19 Jan 2009. High clouds (CTP ,
440 hPa) were found in 36% of these FOVS, midlevel clouds

(440# CTP# 680 hPa) were found in 8%, and low clouds (CTP.
680 hPa) were found in 24%. Clear skies (the gray color) were

found in the remaining 32%. (b) Associated cloud effective emis-

sivities (cloud fraction times cloud emissivity), for which opaque

clouds («f . 0.95) were found in 17% of these FOVS, thick clouds

(0.5 # «f # 0.95) were found in 23%, and thin clouds («f , 0.5)

were found in 28%. The calibration gaps appear every 40 scan lines

when HIRS views space and the internal blackbodies. Data gaps

among the 56 FOV swaths are also evident.

NOVEMBER 2016 MENZEL ET AL . 2401

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/13/24 01:05 PM UTC



record is analogous to that of the 5-km collection-6

MODIS (MOD06) in most ways. For example, use of

collocated AVHRR GAC pixels within HIRS FOVs is

analogous to use of MODIS 1-km pixels within 5 3 5

pixel regions for MODIS CTP retrievals; both algorithms

use the 15% cloud-coverage threshold for generating

retrievals. Use of CFSR-model atmospheric-profile data

is similar to the use of NCEP Global Data Assimilation

System data for MODIS. MODIS also uses the

PFAAST forward model for simulation of MODIS

clear-sky radiances from ancillary profile data. The

biggest difference between the HIRS and MODIS al-

gorithms is the aggregation time of the zonal-mean

clear-sky radiances used for bias correction in radia-

tive transfer calculations; because of the larger FOV size

and correspondingly fewer clear-sky observations, the

HIRS process uses monthly-mean data, whereas the

MODIS process uses 8-day means.

TABLE 5. Mean and rms of the daily frequency of occurrence for each cloud category for 1980–2015 determined from the near-nadir

HIRS observations (view angle, 328) between 608S and 608N. Clouds are categorized by thin, thick, and opaque as well as low-, mid-, and

high-level clouds; 23.5% represented clear skies. The values from Table 2a of Wylie et al. (2005) for 1979–2001 are indicated in italics.

Note that low thin and thick clouds are most likely clouds that partially fill the HIRS FOV.

Thin («f , 0.5) Thick Opaque («f . 0.95) Total

High (CTP , 440 hPa) 20.1 6 2.1 (15) 14.0 6 1.8 (15) 2.0 6 1.2 (3) 36.1 (33)

Middle 4.5 6 0.8 (5) 4.8 6 0.9 (7) 1.8 6 1.0 (6) 11.1 (18)

Low (CTP . 660 hPa) 7.7 6 1.2 (0) 8.7 6 1.6 (1) 12.9 6 2.7 (23) 29.3 (24)

Total 32.3 (20) 27.5 (23) 16.7 (32) 76.5 (75)

FIG. 2. For HIRS, the percentage of nighttime observations from 1981 through 2014 that contained high clouds

for (a) 308–608N, (b) 308S–308N, and (c) 308–608S and the percentage of evening observations from 1980 through

2015 that contained high clouds for (d) 308–608N, (e) 308S–308N, and (f) 308–608S.
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Last, the cloud-detection threshold (clear minus

cloudy radiance values that must be exceeded for

theCO2-slicing bands to be engaged in the cloud algo-

rithm) was reduced from 1.0mWm22 sr21 cm used in

Wylie et al. (2005); in this work 0.5mWm22 sr21 cm is

used. This was suggested by prelaunchmeasured noise

of less than 0.1mWm22 sr21 cm in theCO2 spectral

bands. In cases for which these thresholds are not met,

the default infrared-window determination of (as-

sumed) opaque CTP is reported. With the smaller

cloud-detection threshold, more high and optically

thin clouds (that were misclassified as low clouds by

the IR window in about 5% of the HIRS observations)

are now properly retrieved via CO2 slicing. This in-

creased detection occurs mostly around high-cloud

edges (Kolat 2010).

4. Cloud results for 351 years of HIRS data

A set of filtering conditions is established and adopted

in a space–time gridding approach (Smith et al. 2013)

assuming an equal-angle grid at 0.58 resolution for all

products. The filtering conditions include a limitation on

viewing zenith angle (only data within 328 from nadir are

used), definition of low-, mid-, and high-level clouds by

CTP thresholds, classification by effective cloud emis-

sivity, and finally separation of cloud properties into

four time periods of night, morning, afternoon, and

evening. Clouds are stratified as high (CTP , 440 hPa),

middle (440 # CTP # 680 hPa), and low (CTP .
680 hPa). The clouds are also classified by effective

cloud emissivity, as thin («f , 0.5), thick (0.5 # «f #

0.95), and opaque («f . 0.95), where the cloud fraction

f is determined directly from the collocated AVHRR

cloud mask. Because the sensor orbit drifts over time,

the cloud-properties retrievals are divided according to

the local time (LT) and the solar zenith angle u0 as fol-

lows. ‘‘Nighttime’’ is defined as u0 . 858 and 0000 #

LT , 1200, ‘‘morning’’ is defined when u0 # 858 and
0000,LT, 1200, ‘‘afternoon’’ is defined when u0# 858
and 1200 # LT , 2400, and ‘‘evening’’ is defined when

u0 . 858 and 1200 , LT , 2400. Operational morning

and evening observations were taken by NOAA-6,

NOAA-8, NOAA-10, NOAA-12, NOAA-15, NOAA-

17,MetOp-A, andMetOp-B. Operational afternoon and

nighttime observations came from NOAA-7, NOAA-9,

FIG. 2. (Continued)
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NOAA-11, NOAA-14, NOAA-16, NOAA-18, and

NOAA-19. During their extended nonoperational life-

times, some of the NOAA sensors drifted out of their

designated diurnal sampling times; we confine this data

analysis to the operational time periods so that orbital

drift is less than 2h (except for NOAA-11, NOAA-12,

and NOAA-14, where it is less than 4h).

Cloud observations from NOAA-6 onward were

processed from 608N to 608S, including both ascending

and descending orbits. Table 4 summarizes the HIRS

cloud processing that is presented in the following

sections. The reprocessed HIRS (with spectral shift

applied) cloud trends obtained from the operational

days on NOAA and MetOp (see Table 1) are now

presented.

a. Some example swaths of HIRS CTP and «f

An example of the HIRS CTP and cloud «f fields

derived for several swaths on 19 January 2009 is shown

in Fig. 1. In these granules HIRS finds a variety of clouds

and clear skies (shown in gray). Thick opaque high

clouds over eastern South America taper off to thinner

high clouds going toward the cloud edges. It is important

to note that CTP does not vary with «f, as would be

expected when the semitransparency correction is done

properly. A winter storm is evident over the eastern half

of the United States and adjacent Atlantic Ocean. High

clouds are associated with a double-barreled low pres-

sure system, one centered over Nova Scotia and the

other over the southeastern United States. In the

northern Atlantic Ocean, a bank of high opaque clouds

sits north of scattered low clouds; the CTPs for the latter

are derived from the IRW, and the cloud fraction comes

directly from the subpixel cloud characterization de-

rived from PATMOS-x.

b. Average cloud detection for the HIRS data record

Table 5 shows the mean and rms of the daily fre-

quency of occurrence for each cloud category for

1980–2015 determined from the HIRS observations

between 608S and 608N. Clouds are categorized by

thin, thick, and opaque as well as low-, mid-, and high-

level clouds; 23.5% of the HIRS observations were

declared to be free of clouds, and 76.5% had clouds

present. CO2 slicing determined the CTPs for 36.1%

of all observations to be less than 440 hPa. The IR

window determined 29.3% of all observations to be

low clouds with CTP greater than 660 hPa. Thin clouds

FIG. 3. The 1980–2015 mean HIRS high-cloud detection at night for (a) January, (b) April, (c) July, and

(d) October. Heidinger et al. (2016) note that AVHRR detects 5%–10% too few clouds over the Tibetan Plateau

and the Andes and 15% too many clouds over Antarctica and Greenland; these are regions where the absence of

a water vapor channel on AVHRR makes a significant difference.
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(«f , 0.5) were found in 32.3% of all of the HIRS

observations, and thick clouds («f $ 0.5 and # 0.95)

were found in 27.5% of observations. Opaque clouds

completely filling the HIRS FOVwere found in 16.7%

of all of the HIRS observations. The rms scatter about

the mean values for each cloud group ranges from

0.8% to 2.7%; the large values are indicative of the

sensor-to-sensor differences that were mitigated but

not eliminated by the recalibration efforts. When a

record for one year from a single sensor (not shown) is

evaluated, the mean values remain similar but the rms

scatter values now range from 0.3% to 1.1%; the

single-sensor distribution of HIRS cloud observations

does not vary appreciably from day to day or from

season to season.

These results are in general agreement with those

found in Wylie et al. (2005). Both report roughly the

same cloud detection in the HIRS observations (76.5%

in this study rather than the earlier 75%). Both find the

same high-cloud occurrence (36.1% as compared with

the earlier 33%). This study finds fewer midlevel clouds

(11.1% rather than 18%), however; this result can be

attributed to the top-down approach used here in which

the most opaque channel pair that sees the cloud de-

termines the CTP (see Menzel et al. 2008) rather than

using all of the channel pairs to determine a mean CTP

[as was used in Wylie et al. (2005)]. In addition, the

frequency of low opaque clouds has decreased (12.9%

rather than 23%) for two reasons. First, with the

AVHRR characterization of the HIRS FOV cloud

fraction, this study finds more thin and thick low

clouds (16.4% in this study rather than 1%) that were

previously classified as opaque. Second, the reduced

cloud-detection threshold used here enables the deter-

mination of more high thin clouds at the expense of low

opaque clouds. Overall in this study, CO2 slicing is used

more selectively (only in ice clouds and not in water

clouds) and the HIRS FOV cloud-fraction character-

izations reduce opaque cloud designations. The re-

mainder of this paper will focus on the HIRS high-cloud

FIG. 4. Latitudinal average of the night, morning, evening, and afternoon high-cloud detection for (a),(b) DJF and (c),(d) JJA from

1980 to 2015.
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results, for which theCO2-slicing algorithm plays the

major role.

c. Monthly high-cloud results for the midlatitudes and
tropics

Figures 2a–c show the monthly progression of the

percentage of HIRS observations at night fromNOAA-7

to NOAA-19 in which a high cloud (CTP , 440hPa) is

detected (this relies primarily on spectral bands 4 and 5 at

14.2 and 14.0mm, respectively). High clouds in the upper

troposphere (above 6km) are found in;35%–40%of the

HIRSmidlatitude observations; this percentage increases

to between 40% and 45% of the tropical observations.

The seasonal change in high-cloud detection goes from a

December–February (DJF) maximum to a June–August

(JJA) minimum, dropping ;6%. Sensor-to-sensor dif-

ferences are still evident, especially with NOAA-9 and

NOAA-14. A surprising feature of all of these data is that

the global (excluding polar regions) high-cloud cover has

shown little change despite dramatic volcanic andElNiño
events over the time span of this study.

Figures 2d–f present the frequency of high-cloud de-

tection in the evening for the satellites fromNOAA-6 to

MetOp-B. Despite the significant gaps in the HIRS

coverage in the early years and obvious deviations in

the data quality, the general consistency of evening

FIG. 5. Percentage of HIRS observations that contained high clouds in the (a)–(d) Northern Hemisphere (08–608N)

and the (e)–(h) Southern Hemisphere (08–608S) from 1980 to 2015.
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high-cloud coverage is again evident. Fewer clouds

(1%–3%) are found in the evening than at night.

In addition to orbit drift and sensor-to-sensor calibration

issues, determination of cloud-detection trends is compli-

cated by the change in HIRS FOV size. In both Figs. 2a–c

and 2d–f, there is the indication that the 10-kmHIRSFOV

(onNOAA-18,NOAA-19,MetOp-A, andMetOp-B) sees

fewer clouds than does the 20-km HIRS FOV (up to 5%

depending on time of day and latitudinal region).

Further inspection of the AVHRR cloud mask col-

located within the HIRS FOVs for one day (8 July 2007)

revealed clear skies for 25.1% of the NOAA-17

20-km FOVs as compared with 27.3% of the MetOp-A

10-km FOVs. In the subsequent cloud processing,

MetOp-A HIRS found 5% more opaque clouds, and

correspondingly NOAA-17 HIRS found 5% more thin

and thick clouds. The high-, mid-, and low-cloud distri-

butions were within 1% for each category.

The 1980–2015 mean HIRS high-cloud detection at

night for January, April, July, and October is found in

Fig. 3. The seasonal movement of the intertropical

convergence zone is readily apparent, as is the October

onset of high clouds over SouthAmerica andAfrica that

last into April. Subtropical subsidence regions are also

identified by the dearth of high clouds detected.

d. Zonal high clouds by morning, afternoon, evening,
and night

Figure 4 shows the latitudinal average of the night,

morning, afternoon, and evening high-cloud detection

FIG. 5. (Continued)
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for the Northern Hemisphere winters (DJF; Figs. 4a,b)

and summers (JJA; Figs. 4c,d) from 1980 to 2015. The

DJF 50%–60% peak occurrence of tropical high clouds

in the HIRS observations increases to 60%–70% dur-

ing JJA; the DJF peak at 108S shifts to 108N in JJA.

High-cloud detection is greater in the evening and night

than in the morning and afternoon except in the

southern midlatitudes for DJF, when morning is

greater than evening. The midlatitude peaks in high-

cloud detection between 35% and 40% stay at or near

458S summer and winter in the Southern Hemisphere

but shift from about 358N in winter to near 508N during

summer in the Northern Hemisphere. The evening and

nighttime maximum in the tropics is likely due to di-

urnal maximum of convection over ocean at evening/

night and convection over land in the afternoon that

results in more cirrus outflow in the evening and

at night.

e. Hemispheric high-cloud comparison

The hemispheric balance of monthly high-cloud de-

tection from 1980 to 2015 is explored in Fig. 5. The

Northern Hemisphere (Figs. 5a–d) is found to be out of

phase with the Southern Hemisphere (Figs. 5e–h).

Further, the amplitude of seasonal changes is greater in

the Southern Hemisphere than in the Northern Hemi-

sphere. Orbital drift is particularly apparent in the

NorthernHemisphere afternoon data forNOAA-11 and

NOAA-14 (percentage of high clouds increases with

time as observations move to later local times). It is

less apparent in the Southern Hemisphere, presumably

because of fewer land-based convective high clouds as-

sociated with solar heating.

f. Land vs ocean high-cloud comparison

Separation of the high-cloud detection at night over

land from that over ocean is presented inFig. 6.More high

clouds (2%–3%) are found over land than over ocean; the

persistence at night of high thin clouds after daytime

convection has been noted in earlier work (Menzel et al.

1990). The seasonal cycles for high clouds over land are in

phase with those over ocean; both are in phase with the

Southern Hemisphere detection of high clouds. Sensor-

to-sensor differences are evident. NOAA-9 sees fewer

high clouds. There is a modest drop off in high-cloud

detection with the transition to the 10-km FOV in

NOAA-18 and NOAA-19. High-cloud detection over

ocean remains constant near 40% within the operational

lifetime for each individual sensor; overall there is no

discernable trend in the 35 years that are presented here.

5. Summary and conclusions

Recalibration of theHIRS sensors and introduction of

the AVHRR characterization of the HIRS subpixel

cloud cover have assisted this reprocessing to produce a

cloud dataset with sensor-to-sensor differences that are

mitigated but not eliminated. Remaining possible causes

for the sensor-to-sensor cloud-property discontinuities

include bad data in the HIRS IR windows (not recali-

brated to date) or cloud-mask issues in the AVHRR

PATMOS-x data; these will be studied in the next

FIG. 6. Percentage ofHIRS nighttime observations that contained high clouds over (a) land and (b) ocean from 608S
to 608N from 1981 to 2014.
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reprocessing. Limiting the cloud dataset to the opera-

tional HIRS data has reduced but not eliminated the

larger effects of orbital drift. Division of the dataset into

four time periods within the day has enabled some di-

urnal distinctions. A few conclusions from the HIRS

reprocessing of cloud properties using theMODISCO2-

slicing algorithm follow.

d This HIRS reprocessed dataset presents a cloud re-

cord from 1980 onward.
d Cloud-detection trends are affected by orbital drift.
d Evening and nighttime high-cloud-detection fre-

quency is usually greater than that in morning and

afternoon.
d Observations with 10-km FOV (HIRS/4) see fewer

high clouds than those with 20-km FOV (HIRS/3 and

HIRS/2).
d Clouds are found in ;76.5% of HIRS observations

over 608N–608S; high clouds are found in ;36.1% of

the observations.
d Northern Hemisphere (NH) seasonal high-cloud

detection is exactly out of phase with Southern

Hemisphere (SH) high-cloud detection; the seasonal

fluctuation is greater in the SH than in the NH.
d The 608N–608S high-cloud-detection trends are the

sum of the interference between the NH and SH

(Stephens et al. (2015) allude to such a hemispheric

balance). Because the SH seasonal fluctuations dom-

inate those of the NH, the global high-cloud minima

and maxima are ‘‘in sync’’ with those of the SH.
d Although there may be regional trends, the 608N–608S
high-cloud detection in these HIRS observations

shows no discernable trend.

The reprocessed HIRS cloud data record with a short

descriptive ‘‘README’’ file is, at the time of writing,

available online (ftp.ssec.wisc.edu/pub/CIMSS_HIRS_

monthly_mean_cloud_products/rf52).

Continuation of the AVHRR/HIRS cloud detection

will be possible with AVHRR/IASI on MetOp and

Visible InfraredRadiometer Suite/Cross-Track Infrared

Sounder (VIIRS/CrIS) on the Suomi National Polar-

Orbiting Partnership (NPP) and the Joint Polar Satellite

System (JPSS). The high-spectral-resolution CrIS and

IASI measurements can be averaged over the HIRS

SRF to create HIRS-like measurements. The AVHRR

cloud mask approach can be used with AVHRR and

VIIRS to characterize the IASI and CrIS subpixel cloud

cover. Creation of a 501-yr HIRS-like cloud record will

offer more opportunity to investigate global and hemi-

spheric trends in cloud cover.
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