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ABSTRACT

The accuracy of cloud-screened 2-m air temperatures derived from the intersatellite-calibrated brightness

temperatures based on the High Resolution Infrared Radiation Sounder (HIRS) measurements on board the

National Oceanic and Atmospheric Administration (NOAA) Polar-Orbiting Operational Environmental

Satellite (POES) series is evaluated by comparing HIRS air temperatures to 1-yr quality-controlled mea-

surements collected during the Surface Heat Budget of the Arctic Ocean (SHEBA) project (October 1997–

September 1998). The mean error between collocated HIRS and SHEBA 2-m air temperature is found to be

on the order of 18C, with a slight sensitivity to spatial and temporal radii for collocation. The HIRS tem-

peratures capture well the temporal variability of SHEBA temperatures, with cross-correlation coefficients

higher than 0.93, all significant at the 99.9% confidence level. More than 87% of SHEBA temperature var-

iance can be explained by linear regression of collocated HIRS temperatures. The analysis found a strong

dependency of mean temperature errors on cloud conditions observed during SHEBA, indicating that

availability of an accurate cloud mask in the region is essential to further improve the quality of HIRS near-

surface air temperature products. This evaluation establishes a baseline of accuracy of HIRS temperature

retrievals, providing users with information on uncertainty sources and estimates. It is a first step toward

development of a new long-term 2-m air temperature product in the Arctic that utilizes intersatellite-

calibrated remote sensing data from the HIRS instrument.

1. Introduction

Surface temperature in the Arctic warmed at a rate

nearly twice the global average since 1950 (Hassol

2004; Karl et al. 2015). The temperature increase has

been especially large during winter. In Alaska, winter

air temperatures observed by land-based weather

stations have shown an increase of 38–48C over the last

50 years (Hassol 2004). An additional 48–78C of Arctic

warming is projected over the next 100 years, posing

extreme challenges to sustainability and resilience of

the Arctic system while potentially bringing opportu-

nities, such as access to new sources of natural re-

sources and ocean routes (Hassol 2004; Jeffries et al.

2014). Since the 1970s satellite measurements have

recorded a 10%–15%decade21 decrease in the Arctic

annual minimum sea ice extent (Comiso and Nishio

2008; Cavalieri and Parkinson 2012; Peng et al. 2013),
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faster than most climate model predictions (Stroeve

et al. 2012). Sea ice is also thinning as the result of

multiyear sea ice loss (e.g., Comiso 2012), with the

temperature-forced ice volume decline accounting for

three-quarters of the 24%decade21 total modeled

trend (Rothrock and Zhang 2005).

Polar oceans are an important part of the world’s oceans

in understanding and monitoring weather and climate

variability. For example, awarmerArctic could potentially

weaken or halt the Gulf Stream, which could result in

colder weather to northwestern Europe (Hassol 2004;

highlights can be found online at http://www.greenfacts.

org/en/arctic-climate-change/). Understanding and quan-

tifying the role of polar ocean variability in global weather

and climate changes require accurate global surface flux

products (U.S. CLIVAR Scientific Steering Committee

2013; Bourassa et al. 2013; NRC 2006).

Significant discrepancies exist in surface analyses from

major numerical weather prediction (NWP) centers and

model predictions of future climate conditions (e.g.,

Bauer et al. 2016; Randall et al. 1998). Bauer et al. (2016)

pointed out that the discrepancies may be due to the fact

that station networks are often limited to coastlines and

inhabited areas in polar areas. Model analyses (as initial

conditions for model forecasts or as first guesses for re-

analyses) may also inherit a strong dependence on sta-

tion representativeness, and model verifications may

lack independence, since measurements from the same

networks are used in both assimilation and verification

(Bauer et al. 2016). Trends of 2-m air temperature ex-

hibit distinct spatial variability over the Arctic (Rigor

et al. 2000). The sparsity of those surface-based stations

may lead to underrepresentativeness of spatial vari-

ability in model reanalyses (S. Stegall 2015, personal

communication). Utilizing satellite measurements may

help alleviate some of these issues and help improve our

understanding of weather and climate systems in the

Arctic and their interactions with extratropical and/or

tropical systems.

The remote and extreme Arctic environment has made

it extremely difficult tomeasure air–sea and ice fluxes. This

in turn hinders our estimates of surface temperature trends

and understanding of related physical processes and

feedbacks (Cowtan and Way 2014; Karl et al. 2015;

Bourassa et al. 2013). It also limits our ability to monitor

changes that are already underway in the region. The

availability of satellite data products makes it possible to

observe and monitor changes of sea ice extent (e.g.,

Stroeve et al. 2012; Comiso 2012), something that is not

possible from in situ measurements alone. However, ac-

curate surface flux products in the Arctic are still lacking,

especially for long-term and intersatellite-calibrated

time series.

Surface and near-surface air temperatures are com-

monly used to refer to air temperature either at the

surface or at the reference height of 2 or 10m. They are

surface flux variables and important for understanding

and monitoring changes in the radiation balance and

hydrological cycle in the polar region. As one of the 10

high-priority measurements identified in NRC (2001),

long-term and consistent records of temperature are

also essential for monitoring and examining the re-

sponse to those changes and their impact on future cli-

mate change (NRC 2001).

In this paper, we compare two sets of near-surface air

temperature measurements: 1) swath cloud-screened air

temperatures at 2-m height (T2m) derived from the

intersatellite-calibrated brightness temperatures based on

the High Resolution Infrared Radiation Sounder (HIRS)

measurements on board the National Oceanic and At-

mospheric Administration (NOAA) Polar-Orbiting Op-

erational Environmental Satellite (POES) series, and 2)

1-yr quality-controlled T2m during the Surface Heat

Budget of the Arctic Ocean (SHEBA) project (October

1997–September 1998). The comparison is carried out to

evaluate the accuracy of the HIRS retrievals and their

dependency on different cloud conditions and to

establish a baseline for a long-term near-surface remote-

sensed air temperature product for the Arctic. The statis-

tical characteristics of the comparison provide users with

information on product uncertainty sources and estimates.

2. Data outline

a. HIRS swath near-surface temperatures

The HIRS instrument has been making routine mea-

surement of the atmosphere since 1978 frommore than a

dozen satellites. Measurements from individual satel-

lites are intercalibrated to form a temporary homoge-

neous time series (Shi et al. 2008; Shi 2011; Shi et al.

2012). HIRS has 20 spectral channels, including 19 in-

frared channels and one visible channel. The near-

surface air temperatures are derived using a neural

network approach as a part of a global atmospheric

profile dataset (for more details see Shi et al. 2015,

manuscript submitted to Remote Sens.). The input con-

sists of brightness temperature measurements from the

HIRS channels with weighting function peaking at or

near the surface as well as the surface emissivity. Among

these HIRS channels, channels 7, 8, and 10 are designed

to measure the surface and lower-atmospheric temper-

ature and humidity (Shi et al. 2008). Channel 8, as a

window channel with the wavelength of 11.11mm, senses

temperature at the surface. The weighting function of

channel 7 (13.35mm) peaks near the surface for
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measuring temperature, and that of channel 10

(12.56mm) peaks near the surface for measuring hu-

midity. The combination of these channels provides

information for retrieving T2m. The current study fo-

cuses on T2m retrievals produced by Shi et al. (2015,

manuscript submitted toRemote Sens.), for the period of

one year—that is, from 1 October 1997 through 30 Sep-

tember 1998—from the NOAA-14 measurements.

b. Integrated SHEBA dataset

The SHEBA project was a multiagency and in-

terdisciplinary effort with a yearlong field experiment in

the Beaufort and Chukchi Seas (October 1997–October

1998). It produced a rich collection of atmospheric,

oceanographic, and cryospheric measurements taken on a

Canadian icebreaker frozen in the Arctic ice pack (Uttal

et al. 2002; Persson et al. 2002). SHEBA data used in this

comparison are from the SHEBA composite data obser-

vations product (downloaded from http://www.eol.ucar.

edu/projects/sheba/). This dataset contains the hourly

values of 31 parameters (Persson et al. 2002), including

near-surface temperatures and cloud fractions used in

this study.

3. Evaluation of HIRS T2m with SHEBA

a. Sensitivity of collocating HIRS and SHEBA
measurements

The SHEBA data are point measurements, while

HIRS are from space looking down at the nadir with a

FIG. 1. Scatter diagram of collocatedHIRS and SHEBAT2m: (a) a temporal radius of 30min and a spatial radius

for collocation of 30 km, i.e., 30min30km case; (b) the 60min30km case; (c) the 30min60km case; and (d) the

60min60km case. The color code is for overcast (red: SHEBA cloud fractions $ 80%), clear-sky (green: SHEBA

cloud fractions # 10%), and cloudy (blue: 10% , SHEBA cloud fractions , 80%). The cross-correlation co-

efficient between the two time series is denoted in the plot by ‘‘r.’’ The linear regression is in the plot along with the

percentage of SHEBA temperature variance explained by the linear regression of HIRS temperatures. The

threshold of 80% for the overcast condition is subjective and is not consistent with the meteorological overcast

definition. It is based on examining the characteristics of HIRS–SHEBA T2m dependence on SHEBA cloud

fractions (see Fig. 2). This grouping is to aid statistical analysis and discussion.
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swath of 2160 km and a nominal resolution of 20 km.

The collocation is carried out picking all HIRS mea-

surements within specified spatial and temporal radii

of each SHEBA data point. The choice of radius can

be quite arbitrary except for consideration of SHEBA

and HIRS temporal and spatial resolutions. The bal-

ance to strike is between the number of available

collocated records for analysis and HIRS measure-

ments being too far away from the targeted SHEBA

location. To determine the robustness of basic sta-

tistics over collocation radius, the sensitivity to a

spatial radius of 30 km versus 60 km and a temporal

radius of 30min versus 60min was examined.

While some degree of sensitivity is observed, more

so to spatial radius, they are not significant enough to

alter the basic overall characteristics (Fig. 1; Table 1).

As shown in Fig. 1, the number of the available

HIRS–SHEBA collocated data points is greatly re-

duced when going from the 60min60km case to the

30min30km case, that is, from 1448 to 175. The mini-

mum/maximum of HIRS–SHEBA T2m difference for

the 30min60km and 60min60km cases are higher,

which slightly affects the mean bias, but with smaller

margin of error due to increased collocated data

points (Table 1). The standard deviation (STD) and

root-mean-square error (RMSE) values of the HIRS

and SHEBA T2m differences, which measure the

degree of variation from the mean of the HIRS–

SHEBA differences and the spread of HIRS mea-

surement to SHEBA, respectively, are fairly similar

for all four cases. So are the cross-correlation co-

efficients r of collocated HIRS and SHEBA time series

(Table 1); all are significant at the 99.9% confidence

level.

b. Sensitivity to cloud contamination

As an infrared sensor, HIRS cannot ‘‘see’’ through

clouds. When clouds are present, HIRS senses the

temperature at cloud top. Therefore, to obtain temper-

ature retrievals near the surface, it is necessary to re-

move cloudy HIRS pixels. This study uses HIRS

retrievals that have been cloud screened by a neigh-

boring variance method to remove pixels containing

clouds (Jackson and Bates 2000) and further filtered

with cloud products derived from the Advanced Very

High Resolution Radiometer (AVHRR)measurements

on board the same satellites (Heidinger et al. 2014).

When there are undistinguished clouds in a HIRS

pixel, the cloud-top temperature becomes the re-

trieved temperature for the pixel. This temperature is

usually lower than the near-surface temperature.

However, in high latitudes, inversion layers are often

present, and in such conditions the retrieved tem-

perature can be overestimated due to cloud contam-

ination.Unfortunately, cloud coverage is fairly persistent,

particularly during summer seasons during SHEBA

(Intrieri et al. 2002). This makes the neighboring

variance method especially prone to errors in the

Arctic.

To assess the impact of cloud cover on HIRS near-

surface temperature retrievals, HIRS temperatures

were compared with SHEBA measurements under

clear, cloudy, and overcast conditions based on SHEBA

cloud fractions. As shown in Fig. 2, the characteristics

of HIRS–SHEBA differences are clearly affected by

the amount of cloud cover present at the time of ob-

servations. For the two cases of 30-km spatial radius,

clear-sky data points are compactly clustered around

TABLE 1. Statistics of collocated HIRS–SHEBA T2m difference.a

Collocation case 30min30km 60min30km 30min60km 60min60km

No. of records 175 350 726 1448

Mean (8C) 20.610 20.589 20.465 20.459

Margin of errorb (8C) 0.316 0.226 0.157 0.112

Min(8C) 26.747 26.747 29.019 29.019

Max (8C) 6.509 6.909 10.225 10.225

STD (8C) 2.131 2.160 2.156 2.179

RMSE (8C) 2.217 2.239 2.206 2.226

Cross correlation 0.9345 0.9351 0.9389 0.9390

Significant confidence level (%) 99.9 99.9 99.9 99.9

Intercept (8C)/slope of linear regression 0.2159/0.9187 0.2159/0.9206 0.0876/0.9225 0.0839/0.9245

Variance explained (%) 87.32 87.44 88.15 88.18

a The mean, STD, and RMSE are computed using normalized 3D distance weights defined as Wxyt 5 f12 [(Dx/Rx)2 1 (Dy/Ry)2 1

(Dt/Rt)2]/3g, where Dx, Dy and Rx, Ry are the distances (km) between HIRS and SHEBA data points and the collocation radius in

longitude and latitude directions, respectively. Terms Dt andRt are the temporal distance (min) between HIRS and SHEBA data points

and the collocation radius, respectively.
b The margin of error for the means is computed assuming a 95% level of confidence.
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zero, and the magnitude of the temperature differ-

ences are less than 63.38C with a positive bias of

;0.88C (Figs. 2a,b; Table 2). A similar behavior can be

observed for partly cloudy points with a slightly larger

spread, ranging from 21.8988 to 3.618C (Fig. 2a,b;

Table 2). The HIRS–SHEBA temperature differences

for the overcast cells, on the other hand, tend to be

even more spread out, ranging from 26.7478 to

6.9098C with a negative bias of about 21.28C (Figs. 2a,b;

Table 2). Increased spatial radius tends to increase

the spread of T2m differences with more outliers,

more so for the clear-sky points (Figs. 2c,d; see RMSE

values in Table 2), which is likely due to the mismatch

of cloud conditions for the area outside of the HIRS

FIG. 2. Diagram of the dependency of HIRS and SHEBA T2m differences as a function of SHEBA cloud

fractions: (a) the 30min30km case, (b) the 60min30km case, (c) the 30min60km case, and (d) the 60min60km case.

The color code is for overcast (red: SHEBA cloud fractions $ 80%), clear-sky (green: SHEBA cloud fractions #

10%), and cloudy (blue: 10% , SHEBA cloud fractions , 80%).
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footprint, implying that spatial separation variability

dominates.

Different characteristics for HIRS–SHEBA T2m

differences are seen with and without overcast points

(Figs. 1, 3; Table 2). Overall, the HIRS T2m retrievals

tend to overestimate in the clear and cloudy conditions,

when SHEBA cloud fractions are less than 80%. They

tend to underestimate when SHEBA cloud fractions are

greater than 80% (Table 2). There is no obvious trend in

RMSE values for the overcast conditions in all four ca-

ses, denoting that cloud variability is dominating sepa-

ration variability. Nevertheless, when overcast cells are

removed, the results demonstrate more consistent sta-

tistical characteristics among these four cases. For ex-

ample, higher cross-correlation coefficients and higher

percentage variances are explained by the linear re-

gressions (cf. Fig. 1 with Fig. 3), and the smaller RMSE

values (comparing ‘‘clear/cloudy’’ with ‘‘overcast’’ rows

in Table 2).

Other factors affecting this comparison include the

method for measuring cloud fractions. The SHEBA

cloud fractions are mostly manual visual measurements,

that is, point measurements looking up by humans

whose visual range is limited to about 5 km. Manual

observations generally contain some degree of sub-

jectivity. The impact of human subjectivity to this

analysis, however, is minimal because cloud fractions

are put into three categories—clear, cloudy, and over-

cast—and the distinctions among these categories are

normally obvious. HIRS measurements, on the other

hand, are from space looking down with a resolution of

20 km at the nadir and with an increased footprint to-

ward the sides of scan lines. While satellite-based cloud

fractions may be highly correlated with surface obser-

vations at time scales greater than 5 days, they are less

so, and with higher uncertainty, at shorter scales

(Schweiger et al. 2002). Thus, some inconsistency be-

tween cloud coverage categorization from those two

measurements is expected. This situation is more likely

to occur for the two larger spatial radius cases.

4. Summary and discussion

Cloud-screened HIRS 2-m air temperatures are

compared with observations from the integrated and

quality-controlled SHEBA dataset. This comparison is

carried out to evaluate the accuracy of HIRS retrievals

and to establish a baseline for a long-term near-surface

remotely sensed air temperature product in the Arctic.

The mean error between collocated HIRS and

SHEBA T2m is found to be on the order of 18C, with a

slight sensitivity to spatial and temporal radius for col-

location. The HIRS temperatures capture the temporal

variability of SHEBA temperatures well, with cross-

correlation coefficients higher than 0.93, all significant at

the 99.9% confidence level. For the 60min60km case, the

linear regression of HIRS onto SHEBA T2m shows a

near-zero intercept and a slope of 0.92, with more than

TABLE 2. Statistics of HIRS–SHEBA T2m difference in relation to SHEBA cloud conditions.

Case type Cloud filter type No. recordsa Mean (8C) Min (8C) Max (8C) STD (8C) RMSE (8C)

30min30km Clear 37 0.757 21.264 2.476 0.777 1.084

Cloudy 19 0.908 21.042 3.610 1.121 1.443

Clear/cloudy 56 0.808 21.264 3.610 0.910 1.217

Overcast 116 21.203 26.747 6.509 2.228 2.532

60min30km Clear 81 0.888 21.264 3.301 0.836 1.219

Cloudy 36 0.666 21.898 3.610 1.184 1.358

Clear/cloudy 117 0.819 21.898 3.610 0.962 1.263

Overcast 227 21.221 26.747 6.909 2.257 2.566

30min60km Clear 143 0.838 21.568 10.225 1.139 1.414

Cloudy 69 1.236 21.042 7.586 1.465 1.916

Clear/cloudy 212 0.972 21.568 10.225 1.273 1.602

Overcast 507 21.049 29.019 6.509 2.172 2.412

60min60km Clear 307 1.0 21.768 10.225 1.287 1.630

Cloudy 137 0.932 21.898 7.586 1.340 1.633

Clear/cloudy 444 0.979 21.898 10.225 1.304 1.631

Overcast 990 21.075 29.019 6.909 2.188 2.438

a The total number of records under the clear, cloudy, and overcast conditionsmay be less than that of all collocated records. For example,

the total number of records under these cloud conditions for the 60min60km case is 1434 and the total HIRS–SHEBA collocated record

number is 1448. The difference is due to missing SHEBA cloud fraction measurements.
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88% of SHEBA temperature variance explained by the

linear regression of collocated HIRS temperatures.

The sensitivity to and importance of correctly identi-

fying clear-sky pixels by a cloud mask to the HIRS

temperature retrievals is clearly shown in this study.

Because still more than 65% of cloud-screened HIRS

records are potential overcast cells based on SHEBA

cloud fractions and the fact that SHEBA data are lim-

ited in both space and time, this implies that having an

accurate cloud mask within the comparable time and

space scales of HIRS retrievals in the Arctic region is

needed and essential to further improving HIRS tem-

perature products.

The channels used in the HIRS retrievals are infrared

channels. The persistent Arctic overcast conditions may

limit the number of available true clear-sky data pixels

in the region. However, the HIRS data should still

augment measurements from the current station net-

works to provide additional spatial and temporal cov-

erage. Furthermore, a remotely sensed surface air

temperature product will have the benefit of providing

regional characteristics and spatial variability away from

the coastline and inhabited areas. This should help im-

prove synoptic and seasonal forecasts by providing

better representations of remote forcing in model initial

conditions. The long-term consistent, accurate, and

intercalibrated products are crucial in monitoring and

understanding climate changes and facilitating the ad-

aptation process. The analysis in this paper establishes a

baseline of accuracy and uncertainty sources in HIRS

near-surface air temperature retrievals and lays the

groundwork for a remote sensing near-surface air tem-

perature product in the Arctic.
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