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Abstract. Accurate retrieval of land surface temperature (ESFI,) from
broadband longwave radiometric measurements is fundamentally—limited
by the nonhnear coupling between surface emissivity (A)\Nand tempera-
ture, W W
M%W%%M%WW@JM@@MHWM
contrast _provides insufficient information to_distinguish their contributions.
A conditioning-controlled retrievel—methodelogy—that—estimates—broadband
surface—emissivity—andLSTdireetlyfrem—framework is presented for jointly
retrieving __broadband e _and T directly from high-temporal-resolution
paired ground-based upwelling eand—dewnwelling—(L) and downwelling (1)
longwave irradiance measurementsaeetired—at—high—temporal—resolution-
The—approach—eombines—adaptive —temporal—pairing—eonstrained—by—a—,
without requiring externally prescribed emissivity as_a retrieval input.
The_framework constructs a local population of candidate temporal pairs
M@b}ﬂﬁﬁm qua51 steady ap@afeﬁt—s&é&ee—tempe%&t&fe—eﬁteﬂeﬁ—wﬁh—&

%WM%WWMM&
irradiance-identifiability testing, uncertainty- and information-aware progressive
pair_selection, physical-state-dependent reciprocal emissivity treatment, fixed
cight-update Newton-Raphson refinement, and retrieved surface-temperatures

of-0:54-Kand-a-correlated uncertainty propagation. Iield evaluation used 637
datasets from nine SURFRAD and BSRN stations spanning vegetated, mixed,
and bare/desert environments. Five datasets lacked the required finite initial
irradiances, leaving 632 usable cases, all of which produced final finite retrievals;
628 reached the stable-centre selection criterion and four required the prescribed
fallback pathway. Actoss the 632 field cases, retrieved T had a bias of —0.162
K mean absolute error ef—@%i—K—eeﬂﬁsteﬂt—vsﬂth—pfepag&teé—uﬂee%t&mty
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retrieval-desien(MAE) of 0.432 K, root-mean-square error (RMSE) of 0.558 K
and R? = 0.9984 relative to the ground-based validation-reference temperature.

A complementar hysics-based known-truth experiment independentl
rescribed e and T for 6000 scenes spanning 0.85 < ¢ < 0.99.

11
the noiseless experiment, 5924 scenes (98.73 %) yielded successful retrievals;
among successful cases, emissivity bias, MAE, and RMSE were 0.0313, 0.0491,
and 0.0658, respectively, while the corresponding T values were —0.335, 1.307,
and 3.213 K. Retrieval errors increased toward the lowest-emissivity regime,
identifying low-emissivity conditions as the most demanding part of the tested
retrieval space.  The combined field and known-truth results demonstrate
that_broadband emissivity and surface temperature can be jointly retrieved
from paired longwave irradiance observations when radiative observability and
physical applicability are explicitly conditioned before nonlinear inversion.

1 Introduction

Land surface temperature (5SFT,) is a fundamental variable in studies of
surface energy balance, land-atmosphere coupling, hydrology, and climate vari-
ability (E+-Dash et al., %B—Wa&%ZOOQ Li et al. %W)
Accurate estimation of ‘ ‘ T, is important

for quantifying surface ﬂuxes dlagnosmg land- atmosphere feedbacks, and
evaluating S&E@Hﬁ&bﬂ%&—%ﬁ@%&lﬂﬂff&%@é—pﬁ%ﬁ%—%ﬂﬁm
satellite products. _ Although satellite observations provide glebal—broad
spatial coverage, ground-based radiometric networks remain indispensable—for
algorithmie—essential for algorithm development, physical interpretation, and
validation because_they provide continuous longwave measurements at _high
temporal resolution.

¢ 3 sarface—At the
land-atmosphere interface, measured broadband upwelling longwave irradiance
contains both surface thermal emission and reflected atmospheric downwelling
irradiance. _Conversion of this measurement to T, is_therefore inseparable
from broadband surface emissivity. _In a_single broadband observation,
emissivity and temperature are nonlinearly coupled and cannot generally be
retrieved independently without additional information. Even when multiple
observations are available, the inverse problem can remain weakly constrained
if the observations provide insufficient radiative contrast. Small measurement
perturbations may then produce disproportionately large changes in retrieved
emissivity and, through the emissivity correction, in surface temperature. The
problem is therefore one of both radiative physics and parameter observability.
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More_generally, if N_temporal observations are considered while emissivity
is_treated as_common but_surface temperature is allowed to vary, the
system contains N_radiometric equations for N _temperature states plus one
common emissivity _that is, N equations for N1 unknowns before additional
physical information is introduced. The quasi-steady, physical-admissibility,
irradiance-identifiability, and _population-information  constraints _therefore
address this structural underdetermination, whereas low irradiance contrast is
a separate factor that can further weaken conditioning by reducing measurement

A _common approach in ground-based T estimation is to prescribe emissivity
externally, typieally—using-often from satellite-derived narrowband emissivity
products frem—sensers—such—as—MODIS—{that are subsequently converted to
broadband values. Such_products have been widely used with SURFRAD
wwMZhang et al@@%@%%%%et—ﬁuzg&ﬂ%g

ef—&ﬁeefﬁafnﬁy—melﬂémﬁ However externally rescrlbed emlsswmes
can_introduce additional uncertainty through spatial mismatch between
instentaneous—in—sita—observations—and—multi-day—eompeositesa_ point-scale
radiometric observation and a satellite pixel, temporal mismatch between an
instantaneous surface state and temporally composited emissivity products, and
spectral mismatch between narrowband emissivities-and-broadband-irradianece

exehange-and broadband emlbsnnt (Glllesple et al., 1998, Hulley and Hook,
2011 L1 et al., 2019) i i rar :

mm%mml@mmmwwwmmx@%mm

broadband emissivity directly from the longwave measurements themselves
rather than requiring emissivity as an external retrieval input.

Wﬂﬂ%ﬁd%—%hﬁ%m%%@wn&m&g@;b@&d
longwave observations provide one possible source of the additional information
required for such a retrieval. Over sufficiently short intervals, broadband surface
emissivity can reasonably be treated as invariant and the thermodynamic surface
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state may_change only gradually, while atmospheric forcing and the measured
longwave irradiances continue to vary. Paired observations can_therefore
provide two radiative states for the same emissivity and improve the potential
observability of the emissivity-temperature system. Ground-based broadband
longwaveradiometrienetworks such as SURFRAD are particularly suitable for
investigating this approach because they provide continuous, wel-ealibrated
measurements-of-well-calibrated upwelling and downwelling longwave radiation

measurements at high tem oral resolution (Augustme et al., 2000+—-Augustine
et—rrk 2005) ; S 5 ‘ ‘ n

observation contains useful independent information. A pair may satisfy a short
temporal-separation requirement _yet remain weakly informative if the changes
in upwelhng and downwelhng bﬂgwav&ﬁf&éfaﬂee—me&sfweme&%s—i%pfeseﬂ%edr

r—irradiance
%&QM&@%WM&&WM
temporal separation can improve radiative contrast but can eventually violate
un&& steady &pp&feﬂt—ﬁﬂf&ee%empef&%&fe—feﬂewed—byﬁ

enabling—transparent—interpretation—ofretrievalreliabilitysurface state. The
relevant problem is therefore not simply how far apart two observations
should be, but whether a local population of candidate observations contains
enough physically distinguishable information to constrain emissivity without
introducing excessive thermodynamic change.

This _distinction motivates an_explicit separation between thermal-state
consistency; irradiance identifiability, and information sufficiency. Thermal-state
consistency limits changes in apparent surface temperature over a candidate
interval. __Irradiance identifiability tests whether the temporal change in
upwelling irradiance contains a resolvable surface-sensitive component relative
to the contemporancous change in downwelling irradiance. _Information
sufficiency then asks whether the local candidate population contains enough
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effectively independent observations for a stable emissivity state to be identified.
These controls address different limitations of the inverse problem and should
not be reduced to a single temporal-separation or numerical-convergence

observationsnumerical solution provides another layer of information but cannot
substitute for radiometric observability. Newton-Raphson inversion can solve
the nonlinear broadband irradiance equation once a physically meaningful initial
state and informative observation pair have been established. The residual and
local derivative of the nonlinear equation are useful diagnostics of numerical
consistency and sensitivity, but small residuals or completed iterations do not
demonstrate that arbitrary observation pairs are well conditioned. Numerical
diagnostics_are_therefore most meaningful when interpreted after physical
and_information-based screening rather than as the sole basis for retrieval
acceptance.

2 Physieal-and-eenceptual-backgroeund

A_further issue concerns the physical state used to_initialize the nonlinear
emissivity inversion. _ Algebraically related emissivity representations can
correspond_to_different local radiative states and should not necessarily
be applied uniformly across all observations. A _physically conditioned
retrieval should therefore cousider not ouly whether sufficient information is
available, but also whether the local longwave state supports the emissivity

transformation being applied. This motivates a retrieval architecture in which

temporal information selection and physical-state applicability are evaluated
before the final nonlinear refinement.

O 35 * T T
interface—Uncertainty propagation is similarly important but requires careful
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interpretation. _ Formal propagation from irradiance uncertainty through
the emissivity inversion provides a measure of local measurement sensitivity
and_enables the contributions of irradiance and emissivity uncertainty to
T, uncertainty to be separated. Such propagated uncertainties are valuable
Wthe ﬂpwdhﬂg%@ﬂgw&v@ﬂﬂﬁ&di&%ﬁ%ﬂ%&—&b@v&&h&ﬁﬂﬁ&ee

= : 5 retrieval geometr

wmm
known-truth experiments are required to_determine whether the nominal
uncertainty magnitudes adequately represent actual retrieval error across
different emissivity regimes.

MWWYMWMWMMM
challenge. _ Field surface-temperature references_can be constructed from
ground-based longwave_irradiances using externally specified emissivity, but
such_references are not fully independent of the radiometric measurements
used by the retrieval. They provide realistic field validation of the combined
retrieval behaviour, but they do not provide independent broadband emissivity
truth, Direct_evaluation of emissivity retrieval accuracy therefore requires
a_complementary experiment in which both emissivity and temperature are
prescribed independently before the longwave observations are generated.
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%&W&&WMWM
a_conditioning-controlled framework for jointly retrieving broadband surface
emissivity and 7T, from paired ground-based upwelling (L) and downwelling (I
longwave irradiance observations. The framework constructs a local population
wwm%qua&—steady s&%f&ee»em&é}‘&teﬂ%v&rﬁeeﬂhaﬂemg

ﬁpwe}hﬂgfthermal—state screenin numerlcal and éewm\felrhﬂg—ffmdﬂaﬂee

hysical admissibility, explicit irradiance-identifiability testing, uncertainty-

and_information-aware progressive pair_selection, _physical-state-dependent
reciprocal emissivity treatment, Newton-Raphson refinement, and correlated
uncertainty propagation. Information content is assessed before nonlinear
inversion, and the selected production pair is not ranked according to its

v

ﬂuﬂ&eﬁeal—df&gﬁesﬂesiﬂere condltlonln controlled” denotes the use of
h su:al—state 1rrad1ance—1dent1ﬁab1ht andm&ee&&m&ypmp&g&ﬁe&%mmewefk
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—23-information-sufficiency controls to determine which observation geometr

is passed to the nonlinear solver; it does not refer solely to a numerical
condition-number threshold.

The_framework is_evaluated using two_complementary validation strategies.
The field experiment _contains 637 source datasets from nine SURFRAD and
BSRN_stations_spanning vegetated, mixed, and bare/desert environments;
032 datasets contain_the required initial irradiances and form the final
field-validation population. A _separate physics-based experiment contains
6000 _independently prescribed truth scenes spanning 0.85 < €0 < 0.99,
with exactly 2000 scenes in_each of three predefined emissivity regimes. The
synthetic observations are generated using the exact forward broadband
longwave relation, and the same truth scenes are evaluated under noiseless and

roduction-noise conditions without using the validation results to retune the
retrieval.

is seri ; - issivity s : - The stud
addresses three related questions: (i) can a local population of paired longwave

observations be screened and selected in a way that provides stable emissivit
information without prescribing a fixed temporal separation; (ii) how do

observable radiative contrast, local nonlinear sensitivity, and propagated
retrieval uncertainty relate within the accepted field population; and (iii) can
the resulting retrieval recover independently prescribed broadband emissivity
and surface_temperature across a_broadened emissivity range? Section 2 )
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{summarizes the physical basis of broadband longwave coupling and apparent
surface temperature. Section 3 3~
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presents the

conditioning-controlled retrieval methodolo Sectlon 4 descrlbes the field and
hysics-based known-truth validation experiments. Section 5 }-ields—

{presents the results and discussion, and Sect. 6 }-

2 Physical and conceptual background
b

2.1 Broadband surface-atmosphere longwave couplin

Broadband longwave irradiance exchange at the land-atmosphere interface is
overned principally by surface temperature, surface emissivity,

and__atmospheric
ownwelhn emission (Rodgers, QOOO—Neeed&Hrﬂé—\Anght—%G%

+—9). For an opaque surface and for measurements sufficiently close to the
surface that additional atmospheric path terms between the surface and
radiometer can be neglected, the measured upwelling irradiance L can be

written as

L=eoT+ (1—e)l (1)

10



—Here, [ is the measured downwelling longwave irradiance, is broadband
surface emissivity, 7 is physical surface temperature, and = 5.670374419 x
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185
1) represents thermal emission by the surface, whereas the second represents
the reflected fraction of atmospheric downwelling irradiance. If is externally
specified, Eq. (32}

190

11
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e e s e s e e e e e e L) can be solved
directly for 7. If both T, and are unknown, however, a single observation

rovides one radiometric equation for two coupled surface variables.

2.2 Apparent surface temperature as an observable state
diagnostic

irrachiances-at—the-two-observationtimesTaking the surface as a unit-emissivit
emitter provides an observable radiometric temperature directly from the
measured upwelling irradiance:

1/4

(2)

Defining the equivalent radiative temperature of the downwelling irradiance as
T, = (1/o)/*, Eqs. (13)-1) and (2) give.

pairs-must-satisfy-the-Thus, T, represents an emissivity-weighted radiometric
state formed from the physical surface and atmospheric longwave contributions.
It _should not in general be interpreted as the physical T, nor as a universal
upper or lower bound on Tj. Its principal value here is diagnostic: because
T _is directly observable, changes in T’ between two nearby observations
indicate whether the combined surface radiative state has changed appreciably.

12



The retrieval therefore uses the difference T.” (t,) —T.’ (1) as a quasi-steady
apparent-temperature-eonstraint:—screening variable rather than assuming that
temporal proximity alone guarantees thermal stability.

210 -

2.3 Temporal pairing, identifiability, and conditionin

215

Eq—&%—%h&a%geﬂ&ﬂ%eﬂsufes—%haFFor two observatlons the same emlsswlt
can be written in the two radiative balances L, = eaT%, + (1 —€)l, and
L, = ecT*, 4+ (1 — €)l,. Over a sufficiently short interval, broadband emissivit,

can be treated as invariant. If the physical surface-temperature change is also
sufficiently limited, the ebsefved—fff&d&&ﬂe&dfﬁefeﬂees&fep%ﬁﬂ&fﬂydﬂ*fe&by

220
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the—forwarded—modelThe existence of two observations does not by_itself

make emissivity identifiable. Define AL =Ly — Ly and Al=lp =l I
little_additional surface-sensitive information even though both irradiances
are _measured accurately. _ Conversely, a_pair becomes more informative
when_the upwelling change contains a_resolvable component beyond the
contemporancous downwelling change. This motivates the distinction between
temporal admissibility and irradiance identifiability.

subseetion——Observability refers to_whether the measurements contain
information about the unknown surface state; irradiance identifiability
refers more_specifically to whether a candidate pair contains a_resolvable
surface-sensitive _contrast relative to changes in atmospheric downwelling
irradiance; and numerical conditioning describes the sensitivity of the nonlinear
solution to perturbations in the measurements or state variables. These
concepts _are_treated separately in the retrieval. Physical and radiometric
information are assessed before the final nonlinear inversion, and Newton
residuals_and local sensitivities are interpreted as diagnostics of an already
selected production state rather than as substitutes for observability.

3 Emissivity and surface temperature retrieval

o1t vard CWTO
i

radiometric preprocessing, population-based candidate construction and
screening, irradiance-identifiability testing, information-aware progressive pair

14
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selection, ph 51call conditioned en’llSSIVlt initialization, nonlinear tH‘—&d-laﬁee

the—governing—equation—we—get:—Newton-Raphson refinement, and uncertaint
ropagation. The complete production sequence is summarized in Fig. 1.

16y

3.1 Broadband longwave formulation

Nryisvm Eq (%%e—m%ﬂﬂﬁms&keeﬂsmﬂ%s—biit—&re—iﬂsewev&?l
seleeted-—relativeto—the—observed—growth-of-emissivityuneertainty:—1) can be
rearranged to give

T, = (e @

When ¢ is unknown, Eq. (#7-4) emphasizes the nonlinear coupling between

emissivity and temperature. Apparent temperature from Eq. (2) is therefore

used only as a short-term state diagnostic, not as the retrieved physical
temperature.

3.2 Radiometric preprocessing and candidate temporal-pair
construction

3:3-3-Observed-order-of-convergenee

The measured L(t) and [(t) series are processed with a third-order

Savitzky-Golay filter using an_1l-sample frame. _ Missing-value flags are
converted to_missing values before processing. Where smoothing requires
a_complete local sequence, missing samples are_temporarily filled by lincar
interpolation with nearest-value end treatment and the original missing

15
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locations are restored immediately after filtering; interpolation therefore
enables smoothing but does not create valid observations at originally missin

orderi imated-as—For each

field dataset, an initial network-specific time pair defines a validation midpoint
L. The midpoint is used only as the temporal reference for the subsequent
population-based search. All distinct candidate pairs (t,.1,), with j > i, are
constructed subject to both endpoints lying within £10 min of 7,, and to a

8y

[t; —t,,] < 10 min, |t; =t < 10 min, (5)

e ify-eonvergeneebehavior—The 10-min interval
defines the maximum search geometry rather than a prescribed production

separation. The actual search proceeds progressively through radii of 1, 2, ...

10 min.

3.3 Physical, numerical, and irradiance-identifiabilit
screening

16



four irradiances L,,l,, L,,l, must be finite. A candidate must also satisfy the
uasi-steady apparent-temperature condition

280
. = - Equation (7) limits thermodynamic-state
change; satisfying this criterion alone, however, does not establish that the
inverse problem is sufficiently observable.
285
290

17
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I G A ) )

and D = J* —[,, the candidate linear emissivity is

4
Kp = |DJ ) (13)

siescandidates with

Kk > 10% are excluded. The resulting linear estimate must additionally satisf
0 < ¢,, < 1; no clipping and no empirical lower emissivity bound are imposed.
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hysieal—regimes p 3 genee——Iradiance
identifiability is evaluated independently of the emissivity value. ~ With
AL =L, — L, and Al = [, — [, the production condition is

IAL| > |Al]. (14)

the temporal change in measured upwelling irradiance must exceed the
contemporaneous change in atmospheric downwelling irradianceean—approach

19



340

345

350

therefore tests for a resolvable surface-sensitive radiative contrast rather than
merely reflecting atmospheric forcing.

3.4 Information-aware progressive temporal-pair selection
3.4.9 Sensitivi £ N . .

Candidate pairs satisfying Sect. 3.3 are evaluated progressively over temporal
radii »=1,2,....,10 min. At radius r, only identifiable candidates whose
midpoint lies within » min of ¢, and whose temporal separation does not

exceed r are included.
For

candidate j, the uncertainty of ¢, is propagated from the four irradiances
using

1 Pcross PL Pcross

C = O.% Pcross 1 Pcross P1 (16)

)
Y PL Pcross 1 Pcross
Peross P Peross 1

20
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g denotes
WMﬁM&M@%&@&%&
z.and_; denote the temporal correlations in the upwelling and downwelling
measurements, respectively; and ... denotes the assumed cross-channel
correlation. Candidate uncertainty contributes the baseline weight

26)-

wD,j = %, UflOOT = 10_4. (17)

0. it%F00r

and-diminishes-under-humid-or-elondyskies—To account for the information that
remains available for emissivity after allowing T’ to vary, a local two-parameter

Fisher matrix is calculated. With the candidate sensitivity matrix K. and the
temporal upwelling covariance C ., the Fisher matrix is

F, =K C;'K,, (18)

{27-Marginalizing over temperature leaves the emissivity information

Lyp,=F.,— s 19
elT,j — “eej Frr,j ( )

The fall-Jacobian-strueture-maytherefore-be-written-asscene-wise median then

normalizes the valid information values:

= tery —
Rri = mcgian(l) Wi~ Wpilieg (20)

21
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eouphne—If marginalized Fisher information is unavailable or non-positive
Ry . = 1 and the uncertainty-based weight is retained. No candidate is rejected
solely because of its Fisher information and no fixed Fisher-information cutoff

Is introduced.

3.4.3 Sensitivi Ivsisof 4] oved_stph

At each radius, the representative local emissivity state is the weighted median
of the candidate ¢, population. Because candidate pairs overlap in time,
information_ sufficiency is evaluated from both the number of distinct source
observations and an effective pair count. A stage is information sufficient when

Ndistinct = 47 N,

(&

75 > 2.5, (21)

{29)-Stability additionally requires the robust emissivity centre to satisf

o he onreread N e an A
v O NCW

for_two_consecutive stage transitions. Once an information-sufficient stable
stage is reached, the production pair is selected independently of its emissivity
value, ranked first by midpoint proximity to the validation midpoint, then
by preference for a separation of at least 2 min when otherwise tied, then by
longer informative span, and finally by candidate uncertainty. If stability is not
demonstrated, a prescribed fallback uses the best information-sufficient stage
or, where_necessary, the complete identifiable population within the 10-min
search geometry.

30)-

22



Measured longwave irradiance time series
Upwelling L(t) and downwelling I(t)

®—> Apply the clean-thermal correction

where physically admissible

! T

| Selected-pair thermal correction

Savitzky-Golay preprocessing Physical-state applicability and
Define the target-time neighbourhood reciprocal emissivity selection
and processed L(t) and I({) series Evaluate the radiative-state geometry; apply the
¢ exact reciprocal mapping only where physically
applicable, otherwise retain the backbone estimate
Construct the candidate
temporal-pair population l

Generate all permitted (£, t2) pairs
within the prescribed search geometry

i P

I Construct the Newton initial emissivity state eg l

Physical and numerical candidate screening N Raph:

Apply the quasi-steady apparent-temperature Apply the established nonlinear retrieval
constraint, denominator/conditioning checks, formulation (fixed eight updates)
and physical 0 < €linear < 1 admissibility ¢

!

| Retrieve corrected surface temperature 7T l

No production ‘
Irradiance-identifiable No Wiz Retrieval diagnostics and uncertainty propagation
pairs available? —|  Dataset remains

e AI e Residual, nonlinear emissivity sensitivity, correlated
[AL] > Al epresentedling o, and irradiance /emissivity contributions to oz,
workflow accounting ¢

v l Final retrieval products
b Broadband emissivity ¢, land-surface
i ightil temperature T, and associated uncertainties

Combine candidate uncertainty with marginalized
emissivity information to weight the admissible
population; no fixed Fisher rejection threshold is used

i

Progressi I-neighbourhood search

Expand the search radius and estimate
the robust local emissivity centre from the
rmati fficient I lati

!

Sufficient information and
a stable centre obtained?

Yes No
Stable-centre pathway Prescribed
Select the production fallback pathway
pair from the accepted Use the best
local population informative full-window
population and select
a production pair

¥

‘ Final production pair (t1, t2) }—»@

Figure 1. Conditioning-controlled production retrieval architecture, from
measured L(t) and (1) through candidate screening and information-aware pair
selection to physical-state conditioning, Newton-Raphson refinement,
surface-temperature retrieval, and uncertainty propagation. Matching A connectors
indicate continuation from the final production pair to the selected-pair
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3.5 Selected-pair thermal correction and physical-state
reciprocal emissivity treatment

—3H-

where—Once the production pair is fixed, the robust population estimate €
is retained as the production anchor. Two state-ordered linear emissivities
are evaluated from the same selected pair, and the first—term—represents—the

AL
Kr = xpa1- (23)

Combing—al—the—terms—we—pet—thefullsensitivity—strueture—of Applying this
coefficient gives the thermal correction and corrected anchor:

24
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Aep =Ky (e, —€p), ep =€+ Aey. (24)
=Constant{34)-The correction is applied only when the ordered emissivities

denominator, and corrected result are finite and physically admissible; otherwise

~

(r =&

The local radiative
environment of the selected pair is then characterized using the pair-mean

irradiances I and s—between—

{35)-For valid surrounding observations in the same production neighbourhood
define the normalized state b

25
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A second characterization follows from Stefan-Boltzmann scaling.  With
e e and G = 1/A, define

Uep=2G— (1+t+t*+13), Z = (27)
ep(1+t+82+1¢%).

Ry (e7) = 2 Ry (er) = 572 (28)

orrelation—betwee Hingdrradiances—)—A_conservative backbone
selector determines the default mapping: R, is selected for ez < 0.963 and %,
for e > 0.976. Within 0.963 < ez < 0.976, R, is selected when the outward
normalized upwelling contribution is negative or the preceding normalized state

satisfies x < —2/5; otherwise R, is retained.

The backbone decision is overridden only for two specific physical-state
configurations. In the Stefan-Boltzmann-negative configuration, the mapping is
overned by r» = (1 —¢ e relative to rop = (1 —0.96246)/0.96246. In the

reciprocal-conductance configuration, the physical substitution is applicable
ouly when

26
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Z <242 (30)

Outside these physically applicable configurations, the backbone mappin
is retained. The selected reciprocal result becomes the initial emissivity e

for nonlinear refinement; if a transformed result is non-finite or falls outside

0 < ¢o.< L the conservative fallback ¢ = er is used.

450

3.6 Newton-Raphson emissivity refinement and surface-temperature

retrieval

1/4 1/4

5 Starting from €% =¢,, define P, = L;" and P, = L,’". At Newton

iteration k,

455 o £ 4] N bt ] s s : ] ] ind ]

(pl + Py (Bagh ) o (Lah +12)”4) .

£39)-The nonlinear residual takes the form

27



Fle)=e((Pr—M(e)" —1y) — (L —1,). (32)

Equation (32) retains the established production sign convention; the correction
enters through P, — M (¢) and is not replaced by the Jacobian-evaluated-at—the

460
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42)-Newton-Raphson then advances the emissivity according to

paraw i i. )

k1) — (k) _ S (35)

ey

A fixed sequence of up to eight updates is applied. The sequence is interrupted
if the derivative becomes non-finite or zero, or if the next emissivity is non-finite
k+1

or lies outside 0 < ¢**Y < 1. The eight-update structure provides a common
numerical traj ector and is not described as an empirical sto in tolerance.

{43Newton—-Raphson formulation follows standard mnonlinear root-findin
ractice (Ortega and Rheinboldt, 2000; Nocedal and Wright, 2006).
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emisstvity-driven—temperature —uneertainty——After the final valid update
compute the pair-mean apparent temperature as

T, = 272, (36)

oG O S a1 P11y a oD Vao Y O

associated emissivity-induced temperature correction becomes

ﬂ+%—@%iﬂﬂf—@%ﬁﬂgw
201 .

AT = (37)

{45)-Finally, the retrieved surface temperature follows the established convention
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de%&mﬁemeé%eet%%qs%%@%wm%m
reported as R = | f(e)], and 32—nlike-the-independent-easethesesensitivities

expressed—as—the—guadratie form—minimum local sensitivity encountered over
the Newton trajectory is
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560

Un the full covariance

structure gives the production emissivity uncertaint

An independent-error fermilation—Propagation—of-the—ecorrelated—emissivity
uneertainty derived-in-Seet—3-5:2 limiting form is retained only as a diagnostic.
Differentiating Eq. (4h)—yields—the-38) with respect to_emissivity gives the
local temperature sensitivity 07T /de, from which the emissivity-driven surface

The i i o . '
eefﬂbiﬂg—%h&correlated 1rrad1ance—dr1ven and-emissivity-driven—eontributions:—
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I3/4+l73/4

8ol/4

intrinsie—conditioning-of-the-inversion—andthe-expleit—eontrol-of-Combining
L}LW emlssnnty—drlven &fﬁphﬁ%&H@H—B{y‘—tﬂG@fp@HiHﬂg—phyﬁeaﬂy

uantities are propagated retrieval uncertainties and are not assumed to be
calibrated confidence intervals; empirical coverage is evaluated separatel
using the known-truth experiment. The interpretation of local sensitivit
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and uncertainty follows standard inverse-problem reasoning (Tarantola, 2005:
Menke, 2012; Aster et al., 2019).

4 Experimental setup and validation framework

M%&W%H%HW’MMMX
validation strate ies are used Fig. 2). The pfeeesﬁ—m%egf&%es—&dﬂp%we

WGWG&W@MW%WM
observations from nine SURFRAD and BSRN_stations spanning vegetated,
mixed, and bare/desert environments. The second is a physics-based
known-truth_experiment in which emissivity and surface temperature are
prescribed independently of the retrieval and broadband longwave observations
are generated from exact forward physics. Both validation arms are processed
with the same pre-specified conditioning-controlled retrieval formulation.

B : | Lvalidation £ |
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Field Validation

SURFRAD + BSRN source observations
Nine stations spanning vegetated

Physics-Based Known-Truth Validation

Independently prescribed truth

€true and T true

and bare/desert environments

l 6000 truth scenes

2000 scenes in each
637 source datasets predefined emissivity regime:
085 < e < 092,092 <
l € < 097,097 < e < 099

!

Initial validation-pair
irradiance availability check Empirically grounded temporal/radiative
5 datasets excluded because the required forcing geometry
initial irradiances were unavailable ‘
l Exact forward longwave physics
L = erueoTs + (1 — €xrue)l
632 usable field datasets ‘

Paired observation arms

G1: noiseless physical observations
G2: production-noise observations

!

Same conditioning-controlled retrieval framework

Identical production equations, thresholds, selection rules,
reciprocal-state logic, Newton refinement, and uncertainty formulation

! }

Synthetic retrieval products

632 final finite field retrievals
Retrieved broadband ¢ and T

{ !

Direct comparison with prescribed truth

Retrieved broadband ¢ and selected-pair T

Ground-based validation-reference T’

Station-calibrated thermal radiometer data €ret VS. €true aNd T ret VS. T's true,pair

{ !

Known-truth performance assessment

Field performance assessment

Overall and predefined emissivity-regime
success, bias, MAE, and RMSE

Station-wise and overall bias,
MAE, RMSE, SD, and R?

Parallel workflow-stage accounting of the field retrieval ]

'

Candidate geometry — finite irradiance — quasi-steady — numerical/physical ]
admissibility — irradiance-identifiable — information-sufficient population ]
— production pair — Newton entry/update/completion — final retrieval I

'

'

'

Audit only; not an additional retrieval step

Figure 2. Field and physics-based known-truth validation architecture. The field
arm retains 632 usable datasets from 637 source datasets; the synthetic arm
contains 6000 prescribed truth scenes evaluated as noiseless (G1) and
production-noise (G2) observations. Both arms use the same
conditioning-controlled retrieval framework.
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600

4.1 Data—eceverage—and—representativenessGround-based
field-validation dataset

MW%@WW
seven SURFRAD stations and two BSRN stations: Bondville (BON), Desert

Rock (DRA), Fort Peck (MentanaFPK), Goodwin Creek (Mississippi)—and
GWN). Penn State (PSU), Sioux Falls (Sewth-Deaketa)were-ased—in—this-study-

eeﬂdfﬁeﬁﬁiSXF Table Mountaln TBL Cabauw CAB and Gobabe

Table 1. Validation datasets and station composition. The initial-irradiance exclusion refers only to the prescribed validation-
pair availability check.

Excluded at
— Sl @b Source initial Final Retention
datasets irradiance retrievals (%)
check
SURFRAD Bondville BON 70 1 69 98.57
BSRN Cabauw CAB 48 1 47 97.92
SURFRAD Desert Rock DRA 50 0 50 100.00
SURFRAD Fort Peck FPK 75 0 75 100.00
BSRN Gobabeb GOB 194 3 191 98.45
SURFRAD Goodwin Creek GWN 50 0 50 100.00
SURFRAD Penn State PSU 26 0 26 100.00
SURFRAD Sioux Falls SXF 40 0 40 100.00
SURFRAD Table Mountain TBL 84 0 84 100.00
TOTAL All stations ALL 637 5 632 99.22

A total of 637 source datasets entered the workflow audit. Five datasets (one BON case, one CAB case, and three GOB cases)
did not contain the required finite initial irradiances and were excluded, leaving 632 usable field datasets. All 632 usable cases
produced final finite production retrievals.
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b . Lorivod_exelisivolv_& L sttt
dataset637 source datasets entered the workflow audit. Five datasets (one BON
case, one CAB case, and three GOB cases) did not contain the required finite initial
irradiances and were excluded, leaving 632 usable field datasets. All 632 usable cases
produced final finite production retrievals.

4.2 Referenee—emissivity —and—surface—temperature—for
Ground-based surface-temperature validation reference

The Surface Radiation Budeet--Netwo ndependent—referenee—values—were—re

comparison uses a ground-based validation-reference temperature 7' . It is derf\;ga
from station-calibrated ground-based longwave thermal-radiometer observations
combined with externally specified broadband emissivity,

L3O thin existine SURFRAD-based ]

€refO

1/4
Lycf—(1—€res)lre
T, = ( s=(1erey) f) , (44)

kemy—The field reference and retrieval are therefore not statistically independent in
their irradiance measurements: both ultimately involve ground-observed longwave
irradiance. The distinction is that ¢,., is externally specified and is not supplied to
the proposed emissivity retrieval. The field arm consequently validates combined
emissivity-temperature retrieval behaviour under real observations rather than
providing independent broadband-emissivity truth.




vwrindew—{e-gs—For the SURFRAD reference records, externally supplied broadband
emissivity information was used to derive the validation-reference temperatures. For

Cabauw and Gobabeb, the validation-reference temperature was constructed from

the nearest 1-min upwelling and downwelling longwave observations at the Landsat
ac u1s1t10n time to ether with the corresponding Landsat-8 3 =X 3 )—pﬂee}s—Whﬂe
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675

in—The externally specified emissivities used only to construct the field temperature
reference are themselves subject to spectral, spatial, temporal, and representativeness
uncertainty. The field comparison is therefore interpreted as a realistic benchmark of
the combined emissivity temperature retrieval rather than as independent emissivity
truth; direct broadband-emissivity accuracy is evaluated only in the asymptotie

: rescribed-truth
experiment.

4.3 Field performance metrics and workflow accountin

nonlinear-behavior under—thefixed-iteration Newton-scheme—For each field retrieval,
the signed temperature error is_ep; = 705 = T/, _Performance is_summarized
by bias, MAE. RMSE. standard deviation of signed error, and squared Pearson
correlation coefficient R?. A _separate read-only audit tracks candidate geometry,
finite irradiance i i numerical /physical admissibility, irradiance
identifiability, information sufficiency. production-pair selection, Newton progression,
and final retrieval. The audit does not impose additional rejection criteria and does
not modify the production retrieval. Detailed scene- and pair-level accounting is
given in Appendix A.

to—achieve—a—solition—precision—constrained—by—Across the 632 usable field scenes,
the inherent—irradiance uneertaintyaudit contains 88,154 geometry-valid candidate
pairs, of which 88,135 have finite irradiances, 81,682 satisfy the quasisteady and
denominator-validity stages, 68,525 retain a physically admissible linear-emissivity
state, and 63,190 satisfy the irradiance-identifiability condition. At scene level, all
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632 usable datasets contain at least one admissible and identifiable pair, all 632
enter Newton—Raphson refinement, and all 632 complete eight valid Newton updates.
Appendix A provides the corresponding station-wise and stage-by-stage accounting.

4.4 Physics-based known-truth synthetic validation
The synthetic validation contains N_ = 6000 independent truth scenes. A fixed

random seed, rng(858), is used for reproducibility. Exactly 2000 scenes are generated
in_cach of three emissivity regimes: 0.85 < €ye <092, 092 < €0 < 097, and
0.97 < €ipue £ 0.99. The initial true surface temperature is prescribed independently
over_270-330 K. Synthetic temporal forcing is empirically grounded by bootstrap
sampling observable temporal-driver states derived from the 632 field cases.

For each time sample, the true surface emission is S(t) = oT!*¢(t)?, and exact
upwelling irradiance is generated as

685

690

reation bseeqrent-uneertainty-analysis-an trta 55 a —Lhus,
€. €nters only through the forward model and is never derived from, fitted to, or
conditioned on the retrieval result.
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4.5 Noiseless and production-noise synthetic experiments

%mm%m&uwmm
exact_physically generated longwave observations with no additional measurement
perturbation and therefore isolates retrieval/inversion behaviour. G2 uses the same
6000 truth scenes but adds a correlated production-noise realization drawn from the
covariance structure defined in Fq. (16) before unchanged Savitzky-Golay processing.
Apart from this perturbation, Gl and G2 use identical truth states and the same

%SWAII 6000 enerated scenes remain in the denommator used to
compute retrieval success:

_ Nsuccessful . (46)

fsuccess - 6000

require a ﬁnlte retrieved Value and are therefore calculated over successful retrievals
only. For T, error is evaluated against the true temperature corresponding to the
selected production pair.
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took—The results follow the physical and numerical sequence through which retrieval
reliability is established. Temporal-pair selection and stability are examined first
followed by reciprocal-state applicability, Newton behaviour, the Newton-based

contrast-sensitivity-uncertainty relationship, field emissivity behaviour, field
surface-temperature validation, and physics-based known-truth validation.

5.1 Temporal-pair selection and stabilit

Figure 3_characterizes the progressive selector over the complete 632-case field
population. Of the 632 retrievals, 628 were selected through the stable-centre pathway
and only four required fallback selection. The median selected production-pair
separation was 3.0 min. These results show that, for the overwhelming majority of
cases, the progressive search identified a locally stable emissivity population without
exhausting the prescribed fallback pathway.
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Median = 3.0 min Fallback: 4 of 632
IQR = 2.0-4.0 min

200 95th pet. = 6.0 min | 200 1
@ )
g g
(] [
£ 150 1 =150} .
8 8
G k]
8 100 1 So0of ]
£ €
2 z
50 : 50t ]

I Stable-centre selection
I Fallback selection
ol I

0
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Selected pair separation, |A t| (min) Accepted search radius (min)
6(0) r r T T T T '. T T T r . T B 02.2 ]
600 F —O— Scenes entering stage | pearman p = -0.
——#— Information-sufficient = ]
——— Accepted stable at stage S
500 1 @
8 £ '
8 400 5 '
? o |
5 38 !
o 300 1 T 1
©
o 8 1
15 5 i ]
Z 200 13 $ i
3 +
] $ 1
= - :
100 1 &J 093k 632 retrievals i
. ——@— Equal-count-bin median
o0 s N s . s n R L s L N N
1 2 3 4 5 6 7 8 9 10 2 4 6 8 10

Progressive search radius (min) Selected pair separation, |A t| (min)

Figure 3. Temporal-pair selection and progressive information sufficiency for the

632 field retrievals. (a) Selected production-pair separation. (b) Accepted search
radius, distinguishing stable-centre and fallback pathways. (c) Progressive growth

of information-sufficient and stable-stage populations with search radius. (d
Selected pair separation versus retrieved emissivity.

745 production-pair separation. (b) presents—the-sameuneertainties—on—sa—ecaseby—ease

Da 3 a

750
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b
more—diffienlt—to—eonstrainAccepted search radius, distinguishing stable-centre and

fallback pathways. (c) Progressive growth of information-sufficient and stable-stage
opulations with search radius. d) Selected pair separation versus retrieved

emissivity.

The relationship in Fig. 3d is used as an empirical check for systematic displacement
of the em1ss1v1ty esﬂm&t&%eseebseﬁf&mﬂseeﬁﬁfm—thﬂkbheé}fﬁaﬂﬁyﬁﬁfeﬁﬂevmg

e%—ﬁhe—tff&ér&ﬂee—phys&es—&ﬂd—mﬁfefs&efkeeﬁdﬂﬁem&gsolumon w1th increasing pair

separation. Within the retained population, no strong monotonic shift is evident.
uasi-steady screening is therefore interpreted as one component of the selection
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800

chain rather than a complete observability test; stable production selection also
requires irradiance identifiability and sufficient independent information.

5.2 Physical-state applicability of the reciprocal emissivit

formulations

selected-

ir thermal correction, the retrieval

evaluates wh

ther the surroundin

radiative state su

orts one of the exact reciprocal emissivity transformations. Figure

4 presents the two physical configurations for which the a

licability boundaries have

a direct radiative interpretation.

1 T T T T T [ T
0 -(al%ol T N =102+ 3.65(b) 0 el2<) o : g= 58
1
o1l 28 = = 36 " 2611(2;_‘9 .
=r- _xbeVorecﬂe !
L] [o)
-02F t - fCN<1o] S Z=2+\/6 @ 5 o
[ ] 2- — !
ol g@ol - 0 el2e) o o o do
& ™ 26T/(1+6T) ¥ 35f o010 L
% ha - - - - SBanch % !
m 0.4 S anchor. £ 445t o o |
g o L] ¥ 3 ! o ©
® o5} go' *® e a Lo 2.0 ®
ST g a4t o ' o
| | | |
-0.6 'm ] ;- o
el N 335} . R
0.7 ' - " I‘l B u
-uU. 1 ]
or g = 33t . L - .
-0.8 qd = . "I "
o 325} -
0.9 " ' =
1 1 n 1 1 1 1 1 1l 1 1 1
0 0.05 0.1 0.15 0.2 -0.35 -0.3 -0.25 -0.2 -0.15 -0.1 -0.05 0

Figure 4. Physical-
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state a

licability of the reciprocal emissivity formulations.

X before

Stefan-Boltzmann-controlled configuration expressed in the physical-state space.
(b) Reciprocal-conductance configuration expressed in the corresponding
physical-state space. The plotted boundaries are the pre-specified physical
applicability conditions used by the production selector.

efan-B

oltzmann-controlled

figura

tion expressed in the - state

product—(Panel-e)—Stefan-Boltzmann-controlled configuration expressed in the - state

space. (b) Reciprocal-conductance configuration expressed in the - state space. The
lotted boundaries are the pre-specified physical applicability conditions used by the
roduction selector.
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‘ s—The Stefan-Boltzmann-controlled configuration
occurs in 102 of the 632 field cases, while 58 cases occupy the reciprocal-conductance
configuration. The remaining 472 cases exhibit other production-state signatures and
are not represented in these two diagnostic panels. The reciprocal transformation is
therefore state dependent rather than universally applied, and the branch choice is
made before comparison with the field validation reference.

& 3 S : Lot
5.3 _Newton numerical behaviour within the retained
population

Newton-Raphson behaviour after candidate screening, production-pair selection,
and physical-state conditioning. Figure 5a relates the final absolute residual to the
minimum local emissivity sensitivity, while Fig. 5b shows the distribution of that
sensitivity across the retained field population.
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Figure 5. Newton numerical behaviour within the retained 632-case field
opulation. (a) Final absolute nonlinear residual versus minimum absolute
emissivity sensitivity encountered during the fixed eight-update trajectory. (b

Distribution of the minimum absolute sensitivity.

weakDistribution of the minimum absolute sensitivity.

ratio—the—irradiance—driven—{fraction—exhibits—a—marginal-deelinefigure characterizes
the numerical state of accepted production retrievals and should not be interpreted
as evidence that arbitrary temporal pairs are well conditioned. Weakly identifiable

and numerically inadmissible candidates are addressed earlier in the workflow. Small

the—physieal-constraints—of-emissivity—modelingderivative magnitude quantifies local
sensitivity; neither quantity alone is treated as a complete observability criterion.
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5.4 Radiative contrast, inversion sensitivity, and propagated
uncertainty

alteringtherelative-contributionof the-two-pathwaysFigure 6 links the selected-pair
upwelling contrast |AL| to local nonlinear sensitivity and propagated uncertainty.

Across the 632 retrievals, the Spearman correlation between |AL| and correlated

emissivity uncertainty is —0.4026, while the correlation between |AL| and minimum

sensitivity is 4+0.4026. Minimum sensitivity and correlated emissivity uncertaint
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Figure 6. Conditioning and propagated uncertainty. (a) Selected-pair upwellin
contrast |DeltaL| versus correlated emissivity uncertainty. (b) |DeltaL| versus
minimum nonlinear emissivity sensitivity. (¢) Minimum sensitivity versus
correlated emissivity uncertainty. (d) Irradiance-driven, emissivity-driven, and

total correlated 7', uncertainty components.

- —(a) Selected-pair

upwelling contrast |AL| versus correlated emissivity uncertainty. (b) |AL| versus

minimum nonlinear emissivity sensitivity.

emissivity uncertainty. (d) Irradiance-drivenuneertainty-dominates;—with—, emissivity-
o1 DHtIons cmaing sHppressea 5

driven:

correlated T, uncertainty components.
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show that larger selected-pair upwelling contrast is generally associated with greater
emissivity sensitivity and lower propagated emissivity uncertainty. The perfect rank
anticorrelation between sensitivity and o, follows directly from the mathematical
structure of the local uncertainty formulation and is not treated as an independent
validation statistic. Figure 6d extends the conditioning pathway to 7, through its
irradiance- and emissivity-driven uncertainty components. These are propagated
uncertainties; their empirical calibration is evaluated separately in Appendix C.

Figure 7 shows retrieved
broadband-emissivity distributions for the nine stations. All 632 production retrievals
are included, with station medians and interquartile ranges. The distributions are
interpreted descriptively rather than as field emissivity-validation errors because a
common independent broadband-emissivity truth is not available for the complete
field population.
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Figure 7. Station-wise distributions of retrieved broadband surface emissivity for

the 632 field retrievals. Individual retrievals are shown together with the station
median and interquartile range. The distributions characterize field retrieval
behaviour and are not interpreted as direct emissivity-validation errors.

5.6 Nine-station field surface-temperature validation

Figure 8 compares retrieved T, with the ground-based validation-reference T, for all

632 cases. Across the complete field population, the production retrieval has a bias of
—0.162 K, MAE of 0.432 K, RMSE of 0.558 K, and R? = 0.9984.
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Figure 8. Field surface-temperature validation for all 632 retrievals. (a) Retrieved
T versus ground-based validation-reference 7T, for the nine stations, with the 1:1

relation shown for reference. (b) Station-wise distributions of signed error
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Table 2. Field surface-temperature validation performance by station and overall.

Bias SD MAE RMSE
Station Code N R?
(K) K) K) K)
Bondville BON 69 -0.207 0.326 0.321 0.385 0.9992
Cabauw CAB 47 0.284 0.445 0.397 0.524 0.9984
Desert Rock DRA 50 0.020 0.664 0.569 0.658 0.9977
Fort Peck FPK 75 -0.099 0.465 0.396 0.472 0.9993
Gobabeb GOB 191 -0.238 0.481 0.443 0.536 0.9944
Goodwin
GWN 50 -0.332 0.680 0.464 0.751 0.9942
Creek
Penn State PSU 26 -0.289 0.410 0.372 0.495 0.9985
Sioux Falls SXF 40 -0.275 0.505 0.465 0.570 0.9988
Table
. TBL 84 -0.174 0.604 0.449 0.625 0.9979
Mountain
All stations ALL 632 -0.162 0.534 0.432 0.558 0.9984

The low overall bias indicates little systematic displacement relative to the field reference, while the MAE and RMSE show that
the typical retrieval-reference difference remains well below 1 K. Station-wise values demonstrate that the aggregate result is
assembled from distinct site populations rather than repeated observations from one homogeneous environment. The reference
temperature nevertheless shares ground-based longwave measurements with the retrieval and is therefore not treated as fully
independent radiometric truth.



895

900

5.7 Physics-based known-truth validation

The principal known-truth test is the G1 noiseless experiment shown in Fig. 9 and
W Table %sammaﬂzervahdﬁHefﬁb&Hsﬁes—fef—be&r%h&Newteﬁ-baseé

Of the 6000 mde endentl rescribed truth scenes, 5924 yield successful ﬁmt
retrievals, corresponding to 98.73 %. All 6000 generated scenes remain in the success

denominator.

Boof __,__——- 1 ,
- i 450 7
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051 12 .
S s 3s0f _e
o o ’
04F 1 .
?
o
£ 03f Retrieved = 5924/6000 (98.73%) 1 300 F ]
5} Bias = 0.0313 Bias = -0.335 K
ool MAE = 0.0491 ] MAE = 1.307 K
’ RMSE = 0.0658 RMSE =3.213K
,
086 088 09 092 094 09 098 300 350 400 450
True broadband emissivity, e True selected-pair mean T, (K)

Figure 9. Physics-based known-truth validation for the G1 noiseless experiment.
a) Retrieved versus prescribed broadband emissivity for successful retrievals. (b

Retrieved T, versus the true surface temperature corresponding to the selected
roduction pair. The success denominator is all 6000 generated scenes; plotted

error statistics use successful retrievals only.
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Table 3. Physics-based known-truth validation for the G1 noiseless experiment, reported overall and by predefined emissivity
regime.

True € d | B Ts bias Ts MAE Ts RMSE
R € bias &£ MAE £ RMSE
range scenes retrievals (%) (K) (K) (K)
Overall 6000 5924 98.73 0.03129 0.04908 0.06578 -0.335 1.307 3.213
0.85-0.92 2000 1967 98.35 0.08581 0.08778 0.09352 -1.754 2.043 2522
0.92-0.97 2000 1976 98.80 0.02213 0.03575 0.05043 -0.058 1.001 4.337
0.97-0.99 2000 1981 99.05 -0.01370 0.02395 0.04148 0.797 0.882 2.407

Across successful retrievals, overall emissivity bias, MAE, and RMSE are 0.03129, 0.04908, and 0.06578, respectively. The
corresponding T bias, MAE, and RMSE are — (.335, 1.307, and 3.213 K. Performance varies across emissivity regimes: the

largest positive emissivity bias occurs in the lowest-emissivity interval, while the highest-emissivity interval has a smaller
absolute bias and lower emissivity RMSE. The method therefore maintains high retrieval availability across
0.85<¢€,,,<0.99, but low-emissivity conditions remain the most demanding part of the tested retrieval space.

scenes. Detailed G1-G2 comparisons are retained in Appendix B because they
uantify robustness to realistic measurement perturbations rather than constitutin
an additional independent validation population.
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5.8 Integrated interpretation and limitations

The results support a conditioning pathway in which retrieval reliability arises
from complementary controls rather than Newton behaviour alone.  Temporal
screening limits strong thermodynamic-state changes; irradiance identifiability
requires surface-sensitive contrast; progressive population analysis requires sufficient
independent information and centre stability; physical-state diagnostics determine
reciprocal applicability; and Newton refinement solves the resulting nonlinear

produetsThe field and synthetic experiments provide complementary evidence. The
field observations retain real instrument behaviour, atmospheric variability, temporal
variability, and surface heterogeneity, but the validation-reference 7| shares longwave
radiometric_information with the retrieval. The synthetic experiment provides
independently prescribed emissivity and temperature truth but necessarily represents
a controlled physical model of the observed environment. Confidence in the retrieval
therefore derives from the consistency of the two lines of evidence rather than from

Two_further limitations are important.  First. the conditioning and Newton
diagnostics describe the screened production population and should not be
extrapolated to arbitrary longwave temporal pairs. Second, propagated uncertainty
quantifies local measurement and emissivity sensitivity but is not automatically
a calibrated confidence interval. Known-truth uncertainty coverage is therefore
evaluated separately in Appendix C. The synthetic validation was evaluated without
subsequent retuning of production thresholds. pair-selection rules. reciprocalstate

6 Conclusions

This study presents a conditioning-controlled retrieval—framework—for—estimating
framework for retrieving broadband surface emissivity and land surface temperature
directly from paired ground-based upwelling and downwelling longwave irradi-

ance measurements. Ysinghig alresohition—SHRFRADobservations—as—a
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propagation—in—addition—to—eonventionalaceuracy—metriesThe _inverse problem is
treated as an informationlimited radiometric retrieval in which thermalstate
consistency, numerical admissibility, irradiance identifiability, information sufficiency,
physical-state applicability, nonlinear refinement, and uncertainty propagation are
incorporated explicitly into the retrieval workflow. The framework therefore addresses
observability before nonlinear inversion rather than relying on convergence behaviour
alone as evidence of retrieval reliability.

population-based progressive temporal
search identifies production pairs from the available local observations. Candidate
pairs are screened for quasisteady apparent surface temperature, numerical and
physical admissibility, and resolvable surfacesensitive irradiance contrast. Their
local information content is then evaluated using propagated candidate uncertainty
together with marginalized emissivity information, while the final production pair is
selected without ranking candidates according to their emissivity value. Among the
0632 usable field datasets, 628 satisfied the stable-centre selection criterion and only

four required the prescribed fallback pathway: the median selected-pair separation
was 3 min.

emissivity formulations. Reciprocal transformation is applied conditionally according
to the radiative state surrounding the selected observation pair rather than as a
universal algebraic correction. The resulting state-conditioned emissivity provides
the initial state for the fixed eight-update Newton-Raphson refinement. Numerical
residuals and local sensitivities are consequently interpreted within a population that
has already passed the preceding physical and information-based conditioning stages.

sPield validation comprised 637 source datasets from
nine SURFRAD and BSRN _stations spanning vegetated, mixed, and bare/desert
environments. _ Five datasets lacked the required finite initial validation-pair
irradiances, leaving 632 usable cases, all of which produced final finite retrievals.
Across this population, retrieved T, had an overall bias of ~0.162 K, MAE of 0.432 K,

RMSE of 0.558 K, and R? = 0.9984 relative to the ground-based validation-reference
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temperature.

that—align—with—theformally propagated;—eorrelated—uaneertainty—complementary
physics-based synthetic experiment. Six thousand truth scenes were generated, with
exactly 2000 scenes in each of the predefined emissivity regimes 0.85 <€ <0.92,
0.92 <€ <0.97, and 0.97 < ¢ < 0.99. In the noiseless known-truth experiment, 5924
of 6000 scenes were successfully retrieved (98.73 ). Across successful retrievals, the
overall emissivity bias, MAE, and RMSE were 0.0313, 0.0491, and 0.0658, respectively,
while the corresponding 7 bias, MAE, and RMSE were —0.335, 1.307, and 3.213 K.
Retrieval performance varied across emissivity regimes, with the lowest-emissivity
interval showing the largest positive emissivity bias and the highest emissivity RMSE.

3 mputationatly-effieient—The field and synthetic
experiments provide complementary evidence. _The field observations contain
real atmospheric variability, instrument behaviour, temporal variability, and
surface heterogeneity. but the validation-reference temperature shares ground-based
longwave radiometric information with the retrieval. The synthetic experiment
provides independently prescribed emissivity and temperature truth but necessarily
represents a controlled forward model of the observed environment. Their combined
interpretation therefore provides stronger evidence than either experiment alone.

encountered—in—satellitebases ST —retrieval—Several limitations remain. The field
temperature reference is not independent of all longwave measurements used by the
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retrieval. _The synthetic experiment reproduces empirically grounded short-term
radiative forcing but cannot represent every unmodelled process or representativeness
error present at real field sites. Retrieval errors also increase in portions of the
lower-emissivity truth space, indicating that wealc-information conditions remain
challenging. Further work should focus on validation against independent broadband
emissivity and surface-temperature references, extension to additional low-emissivity

surface types and radiative regimes, and continued evaluation of uncertaint
calibration under weak-information conditions.

Overall, _the main_contribution is an_integrated retrieval architecture in which
observability is assessed before inversion, physical applicability is treated explicitly,
numerical refinement is diagnosed rather than assumed, and validation combines
real-field performance with independently prescribed known truth. The results
demonstrate that broadband emissivity and land surface temperature can be jointly
retrieved from high-temporalresolution paired longwave irradiance measurements
without requiring externally prescribed emissivity as an input to the retrieval itself.

Appendix A: Workflow-stage accountin

Appendix A provides the detailed field sample and candidate-pair accountin

underlying the compact audit shown in Fig. 2. The accounting is read-only and does
not alter the retrieval.
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Figure A1l. Workflow-stage accounting for the field dataset. (a) Scene-level

rogression from source datasets to final retrievals. (b) Candidate-pair retention
through the physical, numerical, and irradiance-identifiability screening stages.
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Table Al. Detailed overall field workflow-stage accounting.

Audit stage Count
Source files seen 637
Files with validation-time constraint 637
Files with valid data record/layout 637
Files with finite initial validation-pair irradiances 632
Scenes with >=1 admissible linear-epsilon pair 632

Scenes with >=1 irradiance-identifiable pair 632




Audit stage Count

Scenes selected by stable-centre criterion 628
Scenes selected through fallback 4
Scenes with finite production pair 632
Scenes entering Newton-Raphson 632
Scenes with >=1 valid Newton update 632
Scenes completing 8 valid Newton updates 632
Scenes with invalid Newton break 0
Final finite retrievals 632
PAIR COUNT: geometry-valid 88154
PAIR COUNT: finite-irradiance 88135
PAIR COUNT: quasi-steady 81682
PAIR COUNT: denominator-valid 81682
PAIR COUNT: conditioned 81651
PAIR COUNT: finite linear epsilon 81651
PAIR COUNT: O<linear epsilon<1 68525
PAIR COUNT: irradiance-identifiable 63190

975

Table A2. Station-wise field workflow accounting.

Site Source Initial finite  Admissible Identifiable Stable Fallback Prod. pair 8 updates Final
BON 70 69 69 69 69 0 69 69 69
CAB 48 47 47 47 47 0 47 47 47
DRA 50 50 50 50 50 0 50 50 50
FPK 75 75 75 75 75 0 75 75 75
GOB 194 191 191 191 190 1 191 191 191
GWN 50 50 50 50 49 1 50 50 50
PSU 26 26 26 26 26 0 26 26 26
SXF 40 40 40 40 39 1 40 40 40
TBL 84 84 84 84 83 1 84 84 84
ALL 637 632 632 632 628 4 632 632 632




Appendix B: Synthetic realism and production-noise
robustness
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Figure B1. Field-versus-synthetic selected-pair geometry. Field quantiles are
compared with G1 noiseless and G2 production-noise synthetic quantiles for
selected-pair separation and the principal longwave contrast variables.
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Table B1. Synthetic performance for G1 noiseless and G2 production-noise experiments, reported overall and by predefined

emissivity regime.

R True € Success B B Ts RMSE
Experiment Generated Successful € bias £ MAE £ RMSE Ts bias (K)  Ts MAE (K)
range (%) (K)

Gl

Overall 6000 5924 98.73 0.03129 0.04908 0.06578 -0.335 1.307 3.213
noiseless
G1

0.85-0.92 2000 1967 98.35 0.08581 0.08778 0.09352 -1.754 2.043 2522
noiseless
Gl

0.92-0.97 2000 1976 98.80 0.02213 0.03575 0.05043 -0.058 1.001 4.337
noiseless
Gl

0.97-0.99 2000 1981 99.05 -0.01370 0.02395 0.04148 0.797 0.882 2.407
noiseless
G2
production Overall 6000 5939 98.98 0.03181 0.04885 0.06568 -0.376 1.311 2712
noise
G2
production 0.85-0.92 2000 1970 98.50 0.08604 0.08810 0.09380 -1.763 2.066 2.621
noise
G2
production 0.92-0.97 2000 1981 99.05 0.02253 0.03573 0.05025 -0.143 0.953 2.744
noise
G2
production 0.97-0.99 2000 1988 99.40 -0.01269 0.02304 0.04067 0.766 0.920 2.770

noise



Appendix C: Detailed emissivity-range and
uncertainty diagnostics
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Table C1. Synthetic uncertainty calibration and nominal one-sigma coverage for emissivity and T ;.

Ts within 16

Experiment True £ range Ne € within 10 (%) Median |zg| NTs %) Median |zTs|
G1 noiseless Overall 5924 25.9 3.119 5924 40.2 1472
G1 noiseless 0.85-0.92 1967 45 7.138 1967 10.9 3.533
G1 noiseless 0.92-0.97 1976 221 2270 1976 46.9 1.090
G1 noiseless 0.97-0.99 1981 51.0 0.949 1981 62.7 0.500
G2 production

) Overall 5939 259 3.089 5939 38.7 1517
noise
G2 production

0.85-0.92 1970 47 7.186 1970 117 3.615

noise
G2 production

. 0.92-0.97 1981 222 2.323 1981 45.0 1.130
noise
G2 production

) 0.97-0.99 1988 50.5 0.968 1988 59.3 0.760
noise
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