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Abstract


Diurnal sampling biases arise in the HIRS satellite observations because some of the NOAA polar-orbiting satellites drift significantly from their original local observation time.  Such bias can adversely affect interpretation of these data for climate studies.  Twenty-six years of HIRS/2 radiance satellite data (1979-2004) were examined by creating monthly mean gridded data that categorizes the observations by local observing time through averaging ascending and descending orbits separately.  Corresponding HIRS/2 simulated radiance data from the GFDL climate model were constructed using HIRS/2 satellite sampling and were found to accurately represent the diurnal sampling bias. Correction of the HIRS/2 observations from the observed diurnal sampling bias using this model was done with a three-parameter exponential function which was found to provide the best fit to the model and remove the diurnal bias.  The diurnal bias was found to be dependent on channel, surface type, satellite, cloud cover and observation time, but showed little dependence on satellite scan angle.  Diurnal bias is most pronounced for ascending orbit observations of the afternoon (2 pm) satellites. Lower tropospheric temperature and water vapor channels contained the largest bias and biases over land were more than twice as large as those over the ocean.  Brightness temperature adjustments of up to 10 K were needed in the most extreme situations.  
1.  INTRODUCTION


The High resolution Infrared Radiation Sounder (HIRS) data now provides a 27-year record of global observations of radiance that can be used to retrieve temperature, water vapor, ozone, cloud cover, and outgoing longwave radiation.  While the original mission for this instrument was to provide operational weather forecast models with a global set of soundings, in recent years these data have been utilized in studies related to climate.  This leap from weather to climate applications is not surprising given the vast number of observations; however, interpretation of the HIRS observations can be complicated by inherent problems from an instrument not originally designed to monitor the small signals of interest to many climate studies.  One such problem addressed in this study is detecting and correcting diurnal sampling biases from the HIRS data caused by sun-synchronous polar-orbiting satellites drifting away from their original local crossing times.

Utilization of the HIRS observations has already given insight into climate variations of upper tropospheric water vapor and cloud cover and potentially could be used for monitoring outgoing longwave radiation (OLR).  HIRS upper tropospheric water vapor observations have been used to study climate variations on interannual to decadal time scales (Bates and Jackson, 2001; Bates et al., 2001; Soden et al., 2005).  HIRS observations of cloud cover, particularly cirrus clouds, have also been used to monitor climatic changes in clouds (Wylie et al., 2005, Wylie and Menzel, 1999) and serve as additional validation for the ISCCP cloud climatology. HIRS observations potentially could independently validate observations from the Earth Radiation Budget Experiment (ERBE) since HIRS observations have been used to derive OLR (Ellingson et al., 1994).  Wielicki et al. (2002) indicate a trend of increasing longwave emission and increasing solar absorption at the top-of-atmosphere, which no current GCM can reproduce.  Even though existing operational radiation budget products from TOVS conflict with the ERBE observations, in that they reveal no such trend, the quality and climate-scale stability of the operational TOVS satellite record is suspect largely because the processing of operational products was never performed at a level intended for detecting the decadal-scale trends of interest to the climate community.   Correcting diurnal sampling biases in HIRS observations takes us one step closer to reducing the uncertainty in using HIRS observations for climate studies.

The impact drifting sun-synchronous satellites have on HIRS observations is to gradually warm or cool brightness temperature observations as the satellite observations gradually change in local time.  Figure 1 illustrates the changing equatorial ascending crossing times for the nine NOAA satellites discussed in this study.  As the satellites drift through different observation times in the diurnal cycle, the observed brightness temperatures, particularly those observations sensitive to temperature near the surface, warm or cool depending on the time of day.  More recent satellites, particularly the afternoon satellites, are affected more by this bias since their longevity allows them to drift further in time.  Correcting for orbital drifts on the NOAA polar-orbiting satellites has been done for the MSU instrument which resides on the same polar-orbiting satellites as HIRS.  Christy et al. (1998) use a regression method that compares differences in drift between afternoon and morning NOAA satellites.  Mears et al. (2002) go a step further and use a general circulation model to predict MSU observations so that drifting MSU observations can be adjusted to a fixed point in the diurnal cycle.  This study incorporates elements of both methods to apply a diurnal correction to the HIRS observations.  The GFDL climate model is used to provide global 3-hour sampling of the diurnal cycle so that the HIRS sampling can be corrected for its sampling bias.

Making corrections to the diurnal sampling biases is only one issue in making the HIRS data more suitable for climate studies.  Intersatellite biases caused by small differences in the spectral response functions between instruments are likely to cause differences in detected radiance between satellites.  These differences arise because the instruments are not identical at launch and could possibly shift in frequency following launch.  Bates et al. (1996) used empirical dynamic functions to correct for intersatellite bias.  More recently Cao et al. (2005) used simultaneous polar orbital intersections to determine intersatellite bias between HIRS/3 observations.  Calibration methods may also introduce bias since operational methods for applying calibration to determine observed radiance has changed from HIRS/2 (satellites prior to NOAA-15) to HIRS/3 (Cao and Ciren, 2004).  Other biases caused by instrument degradation or problems with onboard calibration could also introduce errors; however, these errors are difficult to characterize.

The HIRS radiance record provides the necessary time/space coverage, spectral resolution, and cross-instrument redundancy to consider using these data for long-term climate studies. We begin to address the diurnal bias issue by first reprocessing the HIRS all-sky data and clear-sky data using a consistent cloud clearance algorithm. By processing the ascending and descending orbits separately, we illustrate the impacts of drifts in the equatorial crossing time the satellites on the long-term stability of the satellite record and outline preliminary results from a method designed to correct for this spurious drift.  Section 2 describes the HIRS and GFDL data sets.  Section 3 identifies the diurnal sampling bias in the HIRS data and describes a method for correcting the data.  Section 4 discusses the implications the correction and Section 5 provides the conclusions for this study.
2.  DATA DESCRIPTION

Observational data from seven NOAA polar-orbiting satellites containing HIRS/2 instruments and GFDL model simulations of these HIRS observation were utilized for this study.  The following section provides background information for these data.
a. HIRS/2 data

The High-resolution Infrared Radiation Sounder (HIRS) has flown aboard NOAA operational polar-orbiting satellites since 1978.  HIRS is a cross-track scanner with 19 narrow-band IR channels and one visible channel and has the primary purpose of retrieving temperature and water vapor profiles.  The HIRS 1b data were converted from raw counts to brightness temperature using the International TOVS Processing Package (ITPP) version 5.20.  The data period used in this study began November 1978 and ended December 2004.  No bias corrections were conducted from TIROS-N or NOAA-8 HIRS data because their data records were too short in time.  TIROS-N after February 1980 had large regional gaps of missing data thus shortening the useable time series to 15 months.  NOAA-8 also experienced problems after 1 year of service.  No data were used from HIRS/3 sensors found onboard the most recent NOAA satellites starting with NOAA-15; however, the method could be extended to these data.  The method of Jackson and Bates (2000) was used to compute HIRS clear-sky observations.
b. HIRS Simulated Data


HIRS simulated model data originated from the GFDL Atmospheric Model 2 (AM2). Further details regarding the model configuration and comparison of its simulated climate with observations are provided in GAMDT (2004). AM2 uses a new grid point dynamical core with a staggered Arakawa B-grid of 2.5 o longitude by 2o latitude spacing. The hybrid vertical coordinate combines sigma surfaces near the ground and smoothly transitions to pressure surfaces above 250 hPa. The number of vertical layers ranges between 18 and 24 depending upon the version of AM2 used. Shortwave radiation accounts for gaseous absorption by H2O, CO2, O3, and O2, molecular scattering, and absorption and scattering by aerosols and clouds.  Longwave radiation accounts for absorption and emission by H2O, CO2, O3, N2O, CH4, and halocarbons. Moist convection is parameterized using a version of Relaxed Arakawa-Schubert while large-scale clouds are represented with prognostic variables for cloud fraction and the liquid and ice specific humidities, with microphysics parameterized according to Rotstayn (1997).


The model is integrated using observed sea-surface temperatures and time-varying trace gas and aerosol species for the period 1978-2002. Instantaneous fields of temperature, water vapor, and clouds are stored every 3 hours and then inserted (offline) into a narrow-band radiative transfer model to simulate the radiance which would be observed by the satellite under those atmospheric conditions. The model used here is the HIRS Fast Forward Program (HFFP) which has been shown to agree with line-by-line calculations to within 0.1 K (Soden et al., 2000). These simulations provide global, 3-hourly radiances for both clear and total-sky conditions for all spectral channels on each individual HIRS instrument flown for the period 1978-2004.  
3.  DIURNAL CORRECTIONS

This section gives evidence of the diurnal sampling problem in the HIRS data and provides a method for correcting this problem.
a. Data Grid Description
The HIRS all-sky and clear-sky brightness temperature swath data were averaged onto monthly 2.5o grids.  HIRS monthly averages were applied only to the near-nadir observations (scan positions 26-31) so to remove any potential bias introduced by limb effects.  The HIRS data grids were further separated into ascending-only and descending-only monthly grids.  Separating ascending and descending passes eliminated averaging observations at different diurnal times.  Each HIRS monthly grid cell contained information on the standard deviation, the number of observations, and the time of each observation throughout the month.  The latter information was essential in creating a HIRS-sampled data set from the model data.  Monthly brightness temperature data grids were further categorized by satellite and channel.  HIRS observations from the tropospheric temperature channels near 15 μm, the water vapor channels near 6.7 μm, the ozone channel at 9.7 μm, and the window channel at 11.1 μm were processed for this study.
Monthly-mean ascending and descending grid data were further manipulated into monthly interannual anomaly fields.  Analyzing interannual anomalies helped isolate the signal of diurnal drift.  A time series of HIRS brightness temperatures for given longitude ((), latitude ((), ascending or descending node (n), satellite (s), and channel (c), can be defined as
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Where t is time in months, Tb represents the total field, 
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b represents the interannual anomaly. The first three harmonics were computed to the represent the annual cycle.  Using a harmonic method required filling any time series with missing data by interpolation.  Interpolation was conducted only for grid boxes containing valid data for more than 75% of the time series.  Other quality controls required month mean averages at each grid cell to contain at least 30 observations/month and for each time series to have standard deviation less than 25K.
GFDL model simulations of HIRS observations were sub-sampled using the observations time from the HIRS ascending and descending grid data.   Along with these sub-sampled grids, monthly mean and anomaly grids were constructed using all of the 3-hourly model data.  3-hourly data represent monthly averages and anomalies that are not affected by changes in HIRS sampling caused by orbit drift.

b. Observed Diurnal Sampling Drift
To examine if a HIRS diurnal sampling bias can be detected, we first examined time series of the HIRS ascending and descending averages for the 11.1 μm channel for the 30N-30S domain.  The diurnal sampling bias has a large impact on this window channel because of the large diurnal temperature signal near the earth’s surface.  Figure 2 gives the ascending, descending, and combined 11.1 μm orbit anomalies for all of the HIRS all-sky observations.  The ascending anomalies show the greatest diurnal drift from the afternoon (2pm) NOAA satellites.  As the local crossing time of the afternoon satellites drifts forward in local time, the surface sensing channels respond by cooling.  The descending (8am) morning satellites observations also show cooling near the end of the period for NOAA-10 and -12.  The morning satellites drift backward in local time, so this cooling agrees with the expected change in diurnal temperature near sunrise.  The much smaller temperature change of the morning satellites is expected since these satellites drift at slower rate than the afternoon satellites as is shown in Figure 1.  Descending afternoon orbits (2am) show little diurnal drift, except NOAA-14, since most the drift occurs at night where the rate of diurnal temperature change is small.  The combined effects of the diurnal bias are given in Figure 2c.  Nearly all satellites show a negative trend in brightness temperature due to the combined influences of the afternoon ascending and morning descending data.  NOAA-14 shows the impact of both ascending and descending diurnal biases as its trend changes from negative to positive in 2002.  Clearly HIRS observations show the effects of orbital drift.
To determine how well the diurnal sampling bias can be modeled, a comparison between the HIRS observations and the HIRS-sampled model data was conducted for the ascending and descending orbits.  Figure 3 gives the 11.1 μm model-simulated brightness temperature anomalies for each satellite for the ascending, descending, and total anomaly field.  The total anomaly field uses all of the 3-hourly model data, thus the total anomaly field is independent of the HIRS sampling.  The agreement between observations and model are within 1 K for both ascending and descending passes.  NOAA-14 shows the greatest differences near the beginning and end of its period.  This is due to the model simulations producing a larger drift than observations in the HIRS 11.1 μm channel.  Imperfect representation of the diurnal cycle in the model is source of error that can affect the comparison and correction.  The total anomaly field indicates that satellite drift does have a significant affect on the HIRS anomaly field.  The total anomaly time series show little overall trend for the 11.1 μm channel for any satellite, which is much different than the observed results presented in Figure 2c, and the total anomaly data will later be used to adjust the HIRS ascending and descending anomaly fields.
The diurnal sampling drift was further dissected into individual components, such as surface type and cloud cover, which could be related to diurnal bias.  Figure 4 shows the HIRS 11.1 μm land-sea difference is significant and that the land observations contribute almost the entire signal in diurnal drifts seen in Figure 2.  This result is not surprising since diurnal temperature changes have larger amplitudes over land areas. Therefore, any HIRS diurnal correction should account for the surface type.  HIRS clear-sky 11.1 μm brightness temperature anomalies were compared to the all-sky anomalies to determine if there are significant differences when including cloudy observations.  Figure 5 shows the anomaly differences between all-sky and clear-sky anomalies for both HIRS observations and model simulations.  The ascending HIRS observations do show small trends in the all-sky/clear-sky differences over time, but these differences are much smaller than the land/sea differences and the anomalies trends observed in figure 2.  However, model simulations of this anomaly difference show weaker trends than the HIRS observations but the trends have the same sign particularly for the NOAA-11 and -14 data.  Differences in the diurnal cycle in cloud cover between model and observations most likely contribute to the different trends in figures 5a and 5b.

Differences in the diurnal bias due to satellite view angle were investigated.  These differences could arise because the slant path generally observes at a different level of the atmosphere thus potentially impacting the amplitude of the observed diurnal cycle.  Far limb grids were constructed averaging only the first six scan positions in each HIRS swath and compared to the near nadir grid data.  Figure 6 gives time series of 11.1 μm anomalies from monthly grids constructed from near-nadir observations and from far limb observations.  The trend in each time series was found to be nearly the same not only for 11.1 μm but other temperature channels sensing higher in the troposphere.  Differences were less than 0.5 K and occur only for short time periods.  Therefore, the diurnal drift of HIRS observations at the far limb of the HIRS scan line were found to have insignificant differences in the drift of the brightness temperatures from those observations taken at nadir.  Corrections developed from the near-nadir observations are applicable to all HIRS view angles.
c.  Diurnal Correction Method

Since model simulations capture the drift of the HIRS diurnal drift, a diurnal correction was defined by subtracting the ascending and descending anomalies from the total model anomaly field.  This difference was defined as function of satellite, orbit node, surface type, channel, latitude, and time from the model simulations and then applied to the HIRS observations to correct for the diurnal drift.  The correction method was applied to zonally-averaged data because anomaly time series at individual grid boxes generally had too few samples to construct time series that met the quality control requirements in Section 3.1.

Diurnal corrections were constructed using model time series differences between the total anomaly and each of the HIRS sub-sampled ascending or descending anomaly grids.  The difference between these anomaly time series represents the correction that needs to be applied to the observed data to remove the diurnal bias.  The fitting formulas used to describe the anomaly difference is a three-parameter exponential fit of the form
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Where (Tb defines the difference between the total model anomaly and the HIRS sub-sampled anomaly, coefficients a0, a1, and a2 represent the fitting parameters, and t represents time in months.  Coefficients were determined using a gradient expansion algorithm.  When chi-square did not converge in the algorithm, it resulted in no correction being applied to the data.  These cases occurred primarily for the HIRS upper tropospheric temperature channels, oceanic regions, and descending nodes where diurnal influences were small.  Equation (2) provides two corrections: 1) coefficient a0 removes the 12-hour diurnal difference between ascending and descending observations by adjusting the anomalies to the model diurnally-averaged field, and 2) the exponential term removes the time dependent diurnal bias from the ascending and descending data.  For this study we used both adjustments to develop a table of brightness temperature corrections that adjusts the HIRS observations to the diurnally-averaged anomalies from the GFDL model.  Using fitting curves rather than simple differences removes high frequency fluctuations from the model that do not represent diurnal bias.

An example of the fitting technique is presented in Figure 7.   This example is of the total-ascending and total-descending anomaly differences for the 11.1 μm channel at 30N for land-only regions.  This example represents an extreme case of brightness temperature adjustments.  The curves fit the anomaly difference time series very well with RMS differences much smaller than the trend described by these curves.  As was stated previously, two adjustments are applied to each observation.  Adjustment to the diurnal mean anomaly is evident in the first month where the ascending orbit data is reduced by 5K and the descending orbit data is increased by 1.5 K.  The diurnal bias correction is determined by the fitted curves for each orbit.  The adjustment in the ascending orbit data is large for NOAA-14 since it drifts several hours forward in time from its original 2 pm local crossing time.  The corresponding descending overpasses are also adjusted since the 2 am overpass temperature is cooler than the daily mean temperature.  Due to the non-linear drift of satellite orbits (see Figure 1) and the change of temperature over the diurnal cycle, the brightness temperature corrections are typically non-linear.  The three-parameter exponential fit is a good choice as a basis function for both more extreme adjustments as is shown in figure 7 or smaller more linear adjustments that can occur for different channels or satellites with a shorter data record.

The adjustment of brightness temperature as a function of latitude is presented in Figure 8.  The curves represent the adjustment made to the NOAA-14 11.1 μm ascending node land-only brightness temperatures at six different times during the NOAA-14 orbit.   The brightness temperature are reduced in month one because the daily mean surface temperature is less that the observed 2pm local time surface temperature observed by this satellite.  As this satellite drifts to later local overpass times, the adjustments generally switch from negative to positive.  The maximum change in temperature adjustments occurs at subtropical latitudes where the diurnal temperature cycle is the largest over the large deserts that exist at these latitudes.  Tropical latitudes indicate less change in temperature adjustment due to the relatively weak diurnal temperature cycle in the tropics.  Temperature adjustments converge to zero near 60S because there were no land observations.  Adjustments for the channel and satellite indicate the greatest brightness temperature adjustments applied to the HIRS observations.

To give a more generalized presentation of which channels and satellites need adjustments for diurnal bias, four tables were created that give the maximum change in temperature correction defined as ((TbASC(t=tfinal) - (TbASC(t=0)).  While the correction method is dependent on 2.5o bins in latitude, the results given here have been averaged between 60N and 60S, so to more easily summarize which satellites and channels need correction from diurnal bias.  Bold numbers indicate the differences exceed the RMS difference and should be considered a significant diurnal bias correction.  Table 1 indicates the afternoon satellites need the greatest amount of diurnal bias correction because the drift for these satellites is the largest.  The ascending afternoon satellites generally need more correction than the descending observations given in Table 2 since these satellites drift the most and the afternoon time shifts the observations through a significant temperature gradient from ~2pm to the late afternoon.  NOAA-14 needs the greatest correction because it drifts the farthest.  The land observation correction changes almost 8 K from the beginning to the end of the NOAA-14 period.  Significant temperature corrections generally occur for the 11-14 μm temperature channels and the 6.7-8.3 μm water vapor channels.  The 11-14 μm channels are temperature sounding channels that sense the lower and middle troposphere which are impacted more by the diurnal cycle than the upper troposphere.  8.3 μm and 7.3 μm channels are the lower and middle tropospheric water vapor channels which also show significant correction.  The 9.7 μm ozone channel also shows significant correction for the ascending orbits of the afternoon satellites.  Large positive values for the afternoon satellites indicate brightness temperature cooling which could be associated with stratospheric diurnal temperature cooling and/or diurnal fluctuations in ozone.  Tables 3 and 4 give the corrections for observations over the oceans.  The magnitude of the correction is significantly smaller over the oceans, generally less than half the correction needed over land, with peak difference for the 11.1 μm at 2.07 K for NOAA-14 ascending orbits shown in table 3.  Again the afternoon satellites have the most channels with significant corrections and the middle and lower temperature and water vapor channels show the most significant correction.  The descending observations for the upper tropospheric temperature channels 1 and 2 in Tables 1 and 3 do show a small yet significant trend that is not seen in the ascending orbit data.  Tables 5 and 6 give the results using clear-sky observations.  The amplitude of the maximum difference for all-sky and clear-sky observations is similar for both land and ocean clear-sky observations; however, the RMS differences are generally less for clear-sky observations so more significant changes are found in the clear-sky tables.  The results presented in Tables 1-6 indicate a diurnal bias correction is needed for several HIRS channels and satellites.

The brightness temperature adjustments for the significant temperature and water vapor channels indicated in Tables 1-6 are presented figures 9a and 9b.  NOAA-14 ascending-node land surface observations at month 120 show the same pattern as figure 8 and very little difference can be detected between all-sky and clear-sky adjustments except for latitude bands near 60S.  HIRS temperature channels 13.7, 13.4 and 11.1 μm indicate that the lower tropospheric temperature channels show the need for greater adjustment as channels approach the surface.  The 13.7 μm channel, with weighting function peak near 800 hPa, shows a maximum adjustment of 2 K near 30 N,S latitude while the 11.1 μm surface channel has maximum adjustment of 10 K.  The lower tropospheric 8.3 μm water vapor channel has a similar shape as the temperature channels with a maximum adjustment of 8 K, while the 6.7 μm upper tropospheric water vapor channel has adjustments of less than 0.5 K and no maxima at the subtropical high latitudes.  Figures 10a and 10b give the RMS differences for the exponential fits as function of latitude for both the clear-sky and all-sky.  Largest RMS difference of 1 K occur for the water vapor channels while the temperature channels rarely have RMS difference exceed 0.5 K.  The difference between all-sky and clear-sky is greatest between 40S-60S where persistent cloud cover over the Southern Ocean.  Figures 9 and 10 and Tables 1-6 indicate the temperature adjustments are similar between all-sky and clear-sky observations; however, the RMS difference is typically larger for the all-sky observations.  This error is a result of changing cloud conditions that cause high frequency variations in the all-sky brightness temperature anomaly time series.

The final corrections defined in (2) can be applied to each ascending and descending anomaly grids to create a corrected HIRS brightness temperature anomaly field using

                        
[image: image5.wmf].

)

,

,

,

,

,

(

^

^

b

b

adj

b

T

T

t

sfc

c

s

n

T

D

+

=

f

                   (3)
The corrected brightness temperature anomalies can also be used to adjust the brightness temperature monthly mean grid data by simply substituting the anomaly brightness temperatures in (1) with the corrected values given in (3) (ignoring any longitudinal dependencies and using a priori knowledge of the surface type).  While the corrections in this study are applied to the monthly mean grid data described in Section 3.1, they could also be applied other grid resolutions or swath data provided you have information on all of the independent variables given (3).  
4.  DISCUSSION

Diurnal sampling caused by orbital drift of the NOAA satellites could have a significant effect on interpretation of HIRS radiance and retrieved products used for climate studies.  Figure 11 shows the adjusted time series for the HIRS clear-sky 11.1 μm channel in the 30N-30S domain.  Both ascending and descending orbits show very little of the diurnal drift observed in the Figures 2a and 2b.  The drift of the ascending afternoon satellites has been removed and the notable drift in the NOAA-14 descending anomalies has been removed.  The all-sky corrections give a similar result in Figure 12, but they do indicate more high frequency variations and a small drift in the NOAA-14 corrected anomalies of magnitude ~1K.  More error is expected from all-sky corrections since all-sky time series has greater high-frequency fluctuations caused by the presence of clouds.  Interannual variations have been preserved as can be seen by the temperature warming during the 1997-98 El Niño and the temperature cooling from Mt. Pinatubo eruption in 1991.  

  Time series of the corrected HIRS all-sky and clear-sky brightness temperature anomalies, combining both ascending and descending data, is given in Figures 13a and 13b respectively.  Both all-sky and clear-sky time series plots indicate elimination of the diurnal drifts observed in the uncorrected data presented in Figures 2c.  Negative trends observed in NOAA-7, -9, and -11 are eliminated in both all-sky and clear-sky corrected data.  Model total clear-sky anomalies, presented in figure 13c, indicate good agreement between model and observed trends.  An exception to this agreement occurs during a one-year period in the clear-sky data starting June 1991.  The one-year period occurs following the eruption of Mt. Pinatubo when aerosols ejected from the eruption are known to have cooled tropospheric temperature.  This effect was not incorporated into the GFDL model simulation but should have minimal impact on the diurnal corrections because all diurnal time periods were affected.  Overlap of the corrected HIRS brightness temperature anomalies occurs mainly because intercalibrated differences between satellites is small for the 11.1 μm channel.  Other channels show larger offsets between overlapping channels since intercalibration has not been performed.  However, the slope of overlapping anomaly time series for two different satellites should be similar.  Note the slope difference between NOAA-11 and NOAA-12 in Figure 2c has been improved upon in Figure 13a.  This is also true for the overlapping period between NOAA-12 and NOAA-14.  Tables 1 and 2 indicate that significant corrections are also needed for the lower tropospheric temperature and water vapor channels as well as the ozone channel.  Any HIRS products that use radiances from these channels are subject to diurnal bias sampling error.


Another way to examine the effects and correction of the diurnal sampling bias is to examine zonally averaged trends in HIRS brightness temperature anomalies.  Figure 14 gives the zonally averaged trends of the NOAA-11 ascending 11.1 μm all-sky observations.  NOAA-11 ascending observations over an eight-year period drift 4 hours from 1:30pm to 5:30pm local time.  The uncorrected NOAA-11 anomalies indicate negative trends at all latitudes with the largest trend of -0.8 K/yr at 30N.  Negative trends for the ascending orbit observations are due to the drift of this satellite from the early afternoon 2 pm local overpass to late afternoon observations when surface temperatures are cooler.  The negative trends are larger in the Northern Hemisphere because of more land area.  Latitude band of 20N-40N is most affected by diurnal bias since land regions at these latitudes are predominately deserts where diurnal temperature changes are large.  The zonally-averaged corrected brightness temperature trends indicate significant reduction in the trends particularly over subtropical regions of both hemispheres.  The correction is small for tropical latitudes since the diurnal cycle of temperature has smaller amplitude at these latitudes.  A small negative slope in the trend is still evident in the corrected trend curve indicating that land regions may not have a large enough correction for this channel and satellite.  However, the corrections presented here do remove most of the trend in surface temperature observed by NOAA-11 caused by changes in the diurnal sampling of this satellite.
5.  CONCLUSION


The effects of orbit drift in the HIRS all-sky data are corrected using HIRS simulated GFDL model data.  The afternoon (2 pm) NOAA satellites have a greater drift than the morning (8 am) NOAA satellites, and thus have a larger observable diurnal bias.  Two afternoon satellites with the largest diurnal sampling bias are NOAA-11 and NOAA-14 because the data record is relatively long (up to 10 years) thus allowing for a significant shift in local time observation. Observations over land are more affected by the drifting satellites because the diurnal cycle generally has larger amplitude over land.  HIRS channels sensing lower tropospheric temperature were most affected by the diurnal drift since the upper troposphere has a weaker diurnal during the early afternoon local time observations.  These observations are most sensitive to the orbital drift because the diurnal cycle of temperature has the largest amplitude for this time and region.  The 11.1 μm observations averaged over the 30N-30S domain indicate shifts in brightness temperatures up to 4 K.  Observations at the same frequency but averaged over 2.5 degree latitude bands can drift up to 15 K over land regions depending on the latitude.  

Diurnal sampling bias of the observed HIRS data was reproduced well in the GFDL model simulation by sub-sampling the 3-hourly model simulations of HIRS brightness temperatures.  Diurnal bias was removed by adjusting the ascending and descending orbit anomaly brightness temperatures to the total anomaly determined from 3-hourly data from the climate model.  Removal of diurnal drift from the HIRS radiance data could improve our assessment of climate parameters derived from HIRS such as temperature, water vapor, clouds, and OLR.

Other corrections are also needed to improve the utility of the HIRS data from climate studies.  Further work is needed to assess calibration errors and spectral response function differences between satellites so that an optimal method for intercalibrating the data can be achieved.
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7. Figure Captions
Figure 1:  The ascending equatorial local crossing time for all NOAA polar orbiting satellites with HIRS/2 instruments.

Figure 2: Time series of the ascending (a) and descending (b) HIRS all-sky anomaly data for eight NOAA polar-orbiting satellites.  Curve thickness increases for successive satellites.
Figure 3: Time series of ascending (a), descending (b) and total (c) HIRS simulated all-sky from the GFDL climate model.  

Figure 4:  Time series of the ascending (a) and descending (b) HIRS all-sky anomaly difference between land and ocean observations.

Figure 5: Time series of ascending orbit differences between all-sky and clear-sky brightness temperature anomalies for (a) HIRS observations and (b) GFDL model. 

Figure 6: Time series of HIRS all-sky anomalies for nadir and far limb observations.
Figure 7: Time series of NOAA-14 HIRS-simulated brightness temperature anomaly differences from GFDL climate model.  TOT-DSC (dashed) indicates anomaly differences between the total and descending-only model anomalies and TOT-ASC (dotted) indicates anomaly differences between the total and ascending-only model anomalies.   Curves indicate exponential fits to each time series.  RMS differences are defined between fitted curves and corresponding anomaly time series.

Figure 8:  Brightness temperature adjustments due to diurnal sampling bias for NOAA-14 all-sky ascending land-only observations.  

Figure 9:  Brightness temperature adjustments for (a) all-sky and (b) clear-sky NOAA-14 ascending land-only observations for December 2004.

Figure 10:  RMS differences of exponential fit to diurnal sampling drift for (a) all-sky and (b) clear-sky NOAA-14 ascending land-only observations.

Figure 11:  Time series of the ascending (a) and descending (b) HIRS clear-sky anomaly data corrected for diurnal sampling bias.

Figure 12:  Same as Figure 11 except for all-sky.

Figure 13:  Time series of HIRS corrected ASC+DSC brightness temperature anomalies for (a) all-sky data and (b) clear-sky data.  GFDL total clear-sky anomalies are given in (c).
Figure 14:  NOAA-11 zonal-mean brightness temperature trends of HIRS all-sky observed anomalies and HIRS all-sky corrected anomalies.

8. Tables

Table 1:  Ascending node brightness temperature adjustment difference between start and end of satellite period in Kelvin for each channel, satellite for the 60N-60S domain over land.  Bold values indicate adjustments exceeding RMS difference of data used to create fitting function.  Shaded columns represent afternoon satellites.
	Channel
	N6
	N7
	N9
	N10
	N11
	N12
	N14

	14.7
	0.02
	0.02
	-0.02
	0.03
	-0.07
	0.00
	-0.14

	14.5
	0.02
	0.03
	-0.02
	0.03
	-0.05
	-0.01
	-0.13

	14.2
	0.04
	0.08
	0.06
	-0.01
	0.06
	-0.02
	0.10

	14.0
	0.07
	0.23
	0.29
	-0.06
	0.40
	-0.10
	0.56

	13.7
	0.12
	0.41
	0.55
	-0.06
	0.85
	-0.26
	1.64

	13.4
	0.17
	0.77
	0.98
	-0.13
	1.71
	-0.60
	3.40

	11.1
	0.19
	1.63
	1.96
	-0.40
	3.83
	-1.17
	7.98

	9.7
	0.12
	0.95
	1.15
	-0.21
	2.18
	-0.70
	4.56

	8.3
	0.19
	1.40
	1.70
	-0.30
	3.09
	-0.98
	6.33

	7.3
	0.12
	0.25
	0.40
	0.03
	0.57
	-0.09
	0.83

	6.7
	0.08
	0.09
	0.15
	0.02
	0.17
	-0.02
	0.18


Table 2:  Same as Table 1 except for descending node brightness temperatures.
	Channel
	N6
	N7
	N9
	N10
	N11
	N12
	N14

	14.7
	0.05
	0.08
	0.05
	0.04
	0.16
	0.04
	0.03

	14.5
	0.04
	0.07
	0.04
	0.05
	0.13
	0.04
	0.00

	14.2
	0.05
	0.03
	0.05
	0.08
	0.04
	0.07
	-0.19

	14.0
	0.10
	0.07
	0.07
	0.21
	0.00
	0.18
	-0.52

	13.7
	0.13
	0.11
	0.12
	0.37
	-0.04
	0.38
	-1.26

	13.4
	0.20
	0.19
	0.19
	0.68
	-0.02
	0.83
	-2.44

	11.1
	0.36
	0.48
	0.30
	1.26
	-0.02
	1.68
	-5.44

	9.7
	0.21
	0.28
	0.18
	0.71
	0.08
	0.94
	-3.04

	8.3
	0.30
	0.38
	0.28
	1.04
	-0.01
	1.36
	-4.33

	7.3
	0.18
	0.06
	0.17
	0.29
	-0.05
	0.14
	-0.75

	6.7
	0.09
	0.04
	0.15
	0.14
	0.04
	0.04
	-0.21


Table 3:  Same as Table 1 only over the ocean

	Channel
	N6
	N7
	N9
	N10
	N11
	N12
	N14

	14.7
	0.02
	-0.02
	-0.02
	0.01
	-0.05
	0.00
	-0.08

	14.5
	0.02
	-0.02
	-0.01
	0.01
	-0.03
	0.00
	-0.07

	14.2
	0.04
	0.02
	0.00
	-0.01
	0.02
	-0.01
	0.05

	14.0
	0.08
	0.08
	0.06
	-0.04
	0.17
	-0.04
	0.19

	13.7
	0.07
	0.16
	0.11
	-0.04
	0.29
	-0.10
	0.49

	13.4
	0.13
	0.24
	0.20
	-0.04
	0.55
	-0.18
	0.94

	11.1
	0.16
	0.47
	0.40
	-0.08
	1.11
	-0.34
	2.07

	9.7
	0.10
	0.24
	0.25
	-0.07
	0.61
	-0.22
	1.16

	8.3
	0.16
	0.39
	0.34
	-0.09
	0.90
	-0.28
	1.64

	7.3
	0.08
	0.10
	0.09
	-0.03
	0.23
	-0.04
	0.31

	6.7
	0.05
	0.00
	0.03
	-0.02
	0.06
	-0.01
	0.07


Table 4:  Same as Table 2 only over the ocean
	Channel
	N6
	N7
	N9
	N10
	N11
	N12
	N14

	14.7
	0.02
	0.07
	0.07
	0.02
	0.15
	0.04
	0.12

	14.5
	0.02
	0.05
	0.06
	0.02
	0.12
	0.03
	0.07

	14.2
	0.00
	0.04
	0.06
	0.03
	0.08
	0.04
	-0.10

	14.0
	0.00
	0.05
	0.08
	0.05
	0.07
	0.10
	-0.25

	13.7
	0.01
	0.07
	0.10
	0.08
	0.08
	0.17
	-0.51

	13.4
	0.03
	0.13
	0.13
	0.18
	0.11
	0.30
	-0.87

	11.1
	0.12
	0.22
	0.19
	0.34
	0.16
	0.54
	-1.78

	9.7
	0.03
	0.12
	0.14
	0.18
	0.12
	0.31
	-0.98

	8.3
	0.11
	0.20
	0.18
	0.31
	0.14
	0.46
	-1.42

	7.3
	0.02
	0.06
	0.11
	0.07
	0.10
	0.11
	-0.36

	6.7
	0.06
	0.04
	0.10
	0.02
	0.11
	0.04
	-0.16


Table 5:  Same as Table 1 only using clear-sky observations.

	Channel
	N6
	N7
	N9
	N10
	N11
	N12
	N14

	14.7
	0.02
	0.02
	-0.03
	0.02
	-0.08
	-0.01
	-0.14

	14.5
	0.02
	0.02
	-0.03
	0.01
	-0.07
	-0.01
	-0.13

	14.2
	0.01
	0.00
	-0.02
	-0.02
	-0.06
	-0.01
	0.00

	14.0
	0.00
	0.07
	0.08
	-0.07
	0.15
	-0.06
	0.36

	13.7
	0.01
	0.20
	0.25
	-0.13
	0.51
	-0.18
	1.43

	13.4
	0.03
	0.50
	0.61
	-0.28
	1.32
	-0.52
	3.22

	11.1
	0.05
	1.24
	1.54
	-0.57
	3.51
	-1.15
	8.18

	9.7
	0.03
	0.72
	0.91
	-0.27
	2.04
	-0.68
	4.67

	8.3
	0.04
	0.98
	1.28
	-0.49
	2.68
	-0.93
	6.23

	7.3
	0.02
	0.05
	0.12
	-0.04
	0.23
	-0.04
	0.52

	6.7
	-0.01
	-0.02
	0.02
	-0.02
	0.02
	0.00
	0.04


Table 6:  Same as Table 3 only using clear-sky observations.

	Channel
	N6
	N7
	N9
	N10
	N11
	N12
	N14

	14.7
	0.02
	-0.02
	-0.02
	0.00
	-0.05
	0.00
	-0.08

	14.5
	0.01
	-0.02
	-0.02
	0.01
	-0.04
	0.00
	-0.08

	14.2
	0.00
	-0.02
	-0.02
	0.00
	-0.04
	-0.01
	-0.03

	14.0
	0.00
	0.00
	0.01
	-0.01
	-0.01
	-0.02
	0.05

	13.7
	0.00
	0.04
	0.04
	-0.02
	0.07
	-0.05
	0.26

	13.4
	0.02
	0.09
	0.11
	-0.06
	0.23
	-0.12
	0.61

	11.1
	0.03
	0.24
	0.29
	-0.11
	0.68
	-0.23
	1.63

	9.7
	0.02
	0.14
	0.17
	-0.07
	0.38
	-0.14
	0.92

	8.3
	0.02
	0.20
	0.24
	-0.10
	0.51
	-0.19
	1.24

	7.3
	0.02
	0.00
	0.00
	0.00
	-0.01
	-0.02
	0.06

	6.7
	0.02
	-0.02
	-0.02
	0.00
	-0.02
	0.00
	-0.06
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Figure 1:  The ascending equatorial local crossing time for all NOAA polar orbiting satellites with HIRS/2 instruments.
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Figure 2: Time series of the ascending (a) and descending (b) HIRS all-sky anomaly data for eight NOAA polar-orbiting satellites.  Curve thickness increases for successive satellites.
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Figure 3: Time series of ascending (a), descending (b) and total (c) HIRS simulated all-sky from the GFDL climate model.  
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Figure 4:  Time series of the ascending (a) and descending (b) HIRS all-sky anomaly difference between land and ocean observations.
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Figure 5: Time series of ascending orbit differences between all-sky and clear-sky brightness temperature anomalies for (a) HIRS observations and (b) GFDL model. 
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Figure 6: Time series of HIRS all-sky anomalies for nadir and far limb observations. 
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Figure 7: Time series of NOAA-14 HIRS-simulated brightness temperature anomaly differences from GFDL climate model.  TOT-DSC (dashed) indicates anomaly differences between the total and descending-only model anomalies and TOT-ASC (dotted) indicates anomaly differences between the total and ascending-only model anomalies.   Curves indicate exponential fits to each time series.  RMS differences are defined between fitted curves and corresponding anomaly time series.
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Figure 8:  Brightness temperature adjustments due to diurnal sampling bias for NOAA-14 all-sky ascending land-only observations.  
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Figure 9:  Brightness temperature adjustments for (a) all-sky and (b) clear-sky NOAA-14 ascending land-only observations for December 2004.
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Figure 10:  RMS differences of exponential fit to diurnal sampling drift for (a) all-sky and (b) clear-sky NOAA-14 ascending land-only observations.
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Figure 11:  Time series of the ascending (a) and descending (b) HIRS clear-sky anomaly data corrected for diurnal sampling bias.
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Figure 12:  Same as Figure 11 except for all-sky.
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Figure 13:  Time series of HIRS corrected ASC+DSC brightness temperature anomalies for (a) all-sky data and (b) clear-sky data.  GFDL total clear-sky anomalies are given in (c).
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Figure 14:  NOAA-11 zonal-mean brightness temperature trends of HIRS all-sky observed anomalies and HIRS all-sky corrected anomalies.
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