
Ground-based temperature and humidity profiling using spectral infrared 

and microwave observations: Part 1. Retrieval performance in clear sky 

conditions

ULRICH LÖHNERT*, D.D. TURNER**, S. CREWELL*

*Institute for Meteorology and Geophysics, University of Cologne, GER

** Space Science and Engineering Center, University of Wisconsin-Madison, Madison, USA

Manuscript version June 17, 2008

submission to Journal of Applied Meteorology and Climatology

Corresponding Author Address:

Dr. Ulrich Löhnert

Institute for Meteorology and Geophysics

Zülpicher Straße 49a

50674 Köln

Germany

Tel: +49 +221 470 1779

Fax: +49 +221 470 5161

Email: loehnert@meteo.uni-koeln.de

1

2



JUNE 2008 LÖHNERT ET AL. 2

Abstract3

Two independent ground-based passive remote sensing methods are applied to retrieve lower 4

tropospheric temperature and humidity profiles in clear-sky cases. A simulation study for two 5

distinctly different climatic zones is performed to evaluate the accuracies of a standard 6

microwave profiler (HATPRO) and an infrared spectrometer (AERI) by applying a unified 7

optimal estimation scheme to each instrument. Different measurement modes for each 8

instrument are also evaluated, where the retrieval uses different spectral channels and 9

observational view angles. Additionally, both instruments have been combined into the same 10

physically consistent retrieval scheme to evaluate the differences between a combined 11

retrieval relative to the single-instrument retrievals. Generally the infrared measurements 12

“outperform” the microwave measurements in both RMSE and bias error. The AERI 13

retrievals show high potential, especially for retrieving humidity in the boundary layer, where 14

accuracies are on the order of 0.25 - 0.5 g m-3 for a central European climate. In the lowest 15

500 m the retrieval accuracies for temperature from elevation scanning microwave 16

measurements and spectral infrared measurements are very similar (0.2 – 0.6 K). Above this 17

level the accuracies of the AERI retrieval are significantly more accurate (< 1 km RMSE 18

below 4 km). The inclusion of microwave measurements to the spectral infrared 19

measurements within a unified physical retrieval scheme only results in improvements in the 20

high-humidity tropical climate. However, compared to the HATPRO retrieval, the accuracy of 21

the AERI retrieval is more sensitive to changes in the measurement uncertainty. The 22

combined AERI-HATPRO retrieval algorithm is expected to yield beneficial results when 23

clouds are included. 24

25

26

27
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1. Introduction28

High temporal resolution vertical profiles of atmospheric temperature and humidity are 29

needed by many applications in atmospheric sciences, such as initialization of weather 30

forecasting, model evaluation and process studies. Atmospheric stability is in particular 31

described by the basic meteorological quantities, namely temperature and humidity profiles.32

Even today, radiosondes continue to provide a benchmark measurement for determining high-33

resolution vertical profiles of pressure, temperature, humidity and wind because all of the 34

parameters can be simultaneously determined and the accuracy is acceptable for a number of 35

meteorological and aerological applications. Operational radiosonde soundings, however, 36

typically provide 12-hourly observations; a temporal resolution which is often not sufficient 37

for many meteorological applications, such as boundary layer (BL) transitions or frontal 38

passages. Also a radiosonde ascent drifts with the wind, which can lead to a significant 39

horizontal displacement and the ascent as such will take ~1h to profile the troposphere; both 40

of these factors leading to a sampling error. Additionally many radiosonde sensors show a 41

“dry bias” behavior during the day time (e.g. Cady-Pereira et al. 2008; Turner et al. 2003) –42

an error which is difficult to account for due to its dependence on multiple environmental 43

factors.   44

Different remote sensing methods have the advantage of being able to derive profile 45

information of temperature and humidity with a high temporal resolution, but suffer some 46

drawbacks in vertical resolution and accuracy. This paper compares the performance of47

ground-based temperature and humidity profiling methods in two different spectral regions: 48

microwave and infrared. Using identical retrieval approaches we will address the following 49

questions: What are the respective merits of microwave and infrared ground-based 50

temperature and humidity profiling and what can be gained from a combination of 51

both? This study (Part 1) focuses on purely clear sky conditions and the goal is to analyze 52
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retrieval performance in detail in order to pursue simultaneous temperature, humidity and 53

cloud microphysical parameter retrieval in near future (Parts to follow, in preparation). 54

Passive microwave radiometry uses frequency bands around the water vapor absorption line 55

at 22.235 GHz for water vapor profiling and around the 60 GHz oxygen complex for 56

temperature profiling. Studies have shown that approximately 4-5 independent levels of 57

temperature information may be obtained, whereas the number of independent water vapor 58

levels is on the order of two (Löhnert et al. 2008, Hewison 2007). If elevation scanning 59

measurements are additionally considered, temperature accuracies are within 0.5 K close to 60

the ground and degrade with height to ~1-2 K in the lower troposphere, whereas humidity 61

accuracies range on the order of ~0.8 gm-3. These values are more or less independent on the 62

occurrence of clouds, expect for cases of heavy precipitation where saturation effects may 63

occur or the instrument is influenced by rain water on the radome. 64

Previous studies have shown that multi-spectral measurements in the infrared contain 65

information on the tropospheric temperature and humidity profile (Smith et al. 1999, Feltz et 66

al. 2003). This information is generally limited to clear sky cases and cases where clouds are 67

optically thin. However in case of optically thick cloud, information of temperature and 68

humidity may still be obtained below the cloud if the cloud emissivity and temperature are 69

known or retrieved. 70

In the following, we describe the parallel development of microwave (MW) and infrared (IR)71

techniques for temperature and humidity retrieval for clear sky cases using the same optimal 72

estimation retrieval framework for each. These retrieval algorithms are applied to a typical 73

central European climate and a humid tropical climate in order to be able to interpret the 74

results as a function of vertically integrated water vapor amount (IWV).75

Our goal is to analyze the error characteristics of both approaches and additionally, to 76

combine both measurements into one scheme to evaluate the accuracy that is obtained in a 77
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joint retrieval algorithm. The results shown in this study are purely based on virtual 78

measurements derived from radiative transfer simulations to be able to carry out a “clean” 79

error analysis. In this way we can exclude sources of bias error due to erroneous calibration 80

and absorption model uncertainties – errors which are difficult to quantify in general. 81

The characteristics of the microwave and infrared instruments used for simulation are 82

described in section 2 of this paper, whereas the retrieval framework, which consists of an 83

optimal estimation approach, is described in section 3. In section 4 we evaluate the accuracies 84

of the retrieval procedures, whereby the MW and IR techniques are separately applied to the 85

same cases and compared to each other. We examine the benefits of combining MW and IR 86

approaches in one joint retrieval and also evaluate the impact of using different IR bands and 87

microwave measurement approaches (zenith-only observations vs. zenith plus elevation 88

scanning observations). Finally in section 6 we provide a summary and an outlook towards 89

describing the cloudy atmosphere with the expected powerful combination MW plus IR.90

2. Instrumentation91

In the following the principles of the microwave profiler HATPRO (Humidity And 92

Temperature PROFiler) and the infrared interferometer AERI (Atmospheric Emittance 93

Radiance Interferometer) are briefly described.94

2.1. HATPRO95

The microwave profiler HATPRO was designed as a network-suitable low-cost microwave 96

radiometer which can observe liquid water path (LWP), humidity and temperature profiles 97

with high temporal resolution up to 1s (Rose et al. 2005). HATPRO consists of total-power 98

radiometers utilizing direct detection receivers within two bands M1 and M2 (see Tab. 1, Fig. 99

1). The channels of Band M1 contain information about the vertical profile of humidity 100

through the pressure broadening of the optically thin 22.235 GHz H2O line, and also contain 101
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information on determining liquid water path (LWP). The channels of Band M2 contain 102

information on the vertical profile of temperature due to the homogeneous mixing of O2 103

throughout the atmosphere. At the opaque center of the O2 absorption complex at 60 GHz, 104

most of the information originates from near the surface, whereas further away from the line, 105

the atmosphere becomes less and less opaque so that more and more information also 106

originates from higher atmospheric layers.107

In addition to the spectral information, angular information can enhance the accuracy of the 108

temperature profile in the boundary layer (Crewell and Löhnert 2007) when the atmosphere in 109

the direct horizontal vicinity (~3km) of the microwave profiler is assumed to be horizontally 110

homogeneous. Only the observations from the optically thick frequency bands close to 60 111

GHz are used in these elevation scans. Since the brightness temperatures vary only slightly 112

with elevation angle, the method requires a highly sensitive radiometer (i.e., low random 113

noise levels), which is typically realized by using wide bandwidths (up to 4 GHz) in these 114

channels.115

2.2. AERI116

The AERI is a hardened, operational infrared spectrometer that measures the down-welling 117

infrared radiance from 3.3-19 µm (3000 to 520 cm-1, see Fig. 1) at 1 cm-1 resolution 118

(Knuteson et al. 2004a, b).  Two detectors are used in a ‘sandwich’ configuration to provide 119

the needed sensitivity across the entire spectral range.  Details on the calibration approach and 120

accuracy, as well as how the noise level in the AERI observations is determined, are provided 121

by Knuteson et al. (2004 b).  The AERI is typically run in one of two temporal sampling 122

modes: (1) ‘normal-sample’ mode, whereby sky radiance is averaged for 3 minutes followed 123

by views of the two calibration blackbodies, resulting in an approximate 7-min temporal 124

resolution; and (2) ‘rapid-sample’ mode, where sky radiance is averaged for 12 s and multiple 125

(8 to 10) sky averages are collected before the blackbodies are viewed. While the rapid-126
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sample data has approximately 4 times more random noise than the normal-sample data, a 127

principal component based noise filter is used to remove the uncorrelated random error from 128

the AERI observations thereby resulting in a similar noise level in the rapid-sample data as 129

that in the normal-sample data (Turner et al. 2006).130

Like the microwave spectrum, the infrared spectrum also contains information on the vertical 131

profile of temperature and humidity.  Smith et al (1999) and Feltz et al (1998) used spectral 132

observations from 612-713 cm-1 and 2223-2260 cm-1 (i.e., measurements from the 15 µm and 133

4.3 µm CO2 bands, respectively) for temperature profiling, and observations from 538-588 134

cm-1 and 1250-1350 cm-1 (i.e., measurements from the wings of the rotational and 6.3 µm 135

water vapor bands, respectively) for water vapor profiling.  Our analysis demonstrated that 136

the information content on both the longwave side (612-660 cm-1) and shortwave side (675-137

713 cm-1) of the 15 µm CO2 band are essentially equivalent, and thus we will not include the 138

observations from the 612-660 cm-1 band in this study. Thus, our analysis focuses on the four 139

distinct Bands A1-A4 of the AERI shown in Tab. 1.  140

3. Retrieval Methodology141

The true atmospheric state vector x, which we are retrieving in this study, consists of vertical 142

profiles of atmospheric temperature (T) and absolute humidity (ρv), such that we can notate 143

x=(T, ρv). [From here on vectors will be noted in bold (here i.e. profile vectors).] The vertical 144

resolution used in the retrieval algorithm for both temperature and humidity is set to 50 m in 145

the lowest 200 m and then increases gradually to 150 m at 1000 m, 250 m at 3000 m and 500 146

m at 10 km above the surface, which corresponds approximately to typical height grids used 147

in state-of-the-art NWP models. 148

3.1. Measurement Inversion149

The goal of the integrated profiling technique (IPT) algorithm is to retrieve x by optimally 150

exploiting the information from a given measurement vector y (Rodgers, 2000). Depending 151
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on the situation, y will consist of a vector of observed microwave brightness temperatures 152

and/or infrared radiances. Generally in remote sensing applications, determining x from y153

directly is an underdetermined and ill-conditioned problem, meaning that no unique solution 154

exists and that very small errors in the measurement may lead to huge deviations in the 155

retrieved atmospheric profile. Approaches to increase the number of degrees of freedom of 156

the solution vector are to combine complementary measurements or add a source of a priori 157

information to the retrieval problem, which is in our case the seasonal mean profile. If the 158

relationship between x and y is slightly to moderately non-linear, an optimal atmospheric state 159

xop can be found by iterating the following formulation160

( ) ( ) ( )[ ]iaaie
T
iaie

T
iii xxyyxx −+−++= −−−−−

+
11111

1 SSKSKSK (1)161

where i represents the iteration step, xa the a priori knowledge of T and ρv, Sa the a priori 162

covariance matrix, and Se the combined measurement and forward model error covariance 163

matrix. ( ) iiiii xyxxF ∂∂=∂∂=K denotes the Jacobian, or the sensitivity of the forward 164

model to changes in x, where Ki is re-calculated for each iteration. The forward model F 165

transforms from the state space (x) to the measurement space (y) in a straight-forward way; 166

i.e.,  given a state space vector at a certain iteration xi, F calculates yi by applying a radiative 167

transfer operator to compute the brightness temperatures and/or radiance at the microwave 168

frequencies and/or the infrared wavenumbers. In the microwave case the radiative transfer 169

operator consists of a 1D purely emission-based forward integration of the radiative transfer 170

equation with a fast absorption predictor (Löhnert et al. 2004) based on the Rosenkranz 1998 171

millimeter-wave absorption model (Rosenkranz 1998) to enhance the speed of the Jacobian 172

calculations. In the infrared case, the forward model is a fast transmittance model based upon173

Eyre and Woolf (1988). This ‘fastaeri’ model treats water vapor and ozone as variable gases, 174

but holds the others fixed to values in the US Standard Atmosphere. The carbon dioxide 175

profile is set to have a constant mixing ratio of 380 ppmv, and the contributions from 176
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chlorofluorocarbons (CFCs) are not included in the model. The fastaeri model was 177

constructed using output from the line-by-line radiative transfer model (LBLRTM) version 178

11.3, which includes the water vapor continuum model MT_CKD v2 (Clough et al. 2005).179

The fastaeri model has been used extensively in previous analyses of water vapor and 180

temperature from the AERI (e.g., Smith et al. 1999).181

Optimally, the formulation of Eq. 1 should guarantee the minimization of a quadratic cost 182

function between xa and xi, and also between y and yi, when the difference between xi+1 and xi183

goes towards zero. The iteration procedure is terminated after an optimal number of iterations 184

(i=op) when IPT has converged to a sensible point; i.e., when the change in xi is small. Here a 185

quadratic cost function is applied to determine whether the retrieved F(xop) is adequately close 186

to the F(xi-1) of the prior iteration. It is important to note that the solution xop must be 187

interpreted as the most probable solution of a Gaussian distributed probability density 188

function, whose covariance can be written as:189

( ) 111 −−− += aie
T
iop SKSKS . (2)190

The diagonal elements of this matrix give an estimate of the mean quadratic error of xop, 191

whereas the off-diagonal elements yield information on the correlation of retrieval errors 192

between the different heights.193

A further important measure for retrieval algorithm evaluation is the averaging kernel matrix A194

which states the sensitivity of the retrieved to the true state (= ∂xop/∂x). In the case of Gaussian 195

statistics, A can be written as196

( )ie
T
iop KSKSA 1−⋅= . (3)197

The diagonal values of A are frequently used as a measure of vertical resolution (Rodgers, 198

2000) whereas the trace of A states the independent number of levels which can be retrieved 199

from a given measurement.200
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3.2. A priori information201

In this study our goal is to show the potential of a combined AERI + HATPRO observation 202

system for temperature and humidity retrieval. For this reason we do not use any other a 203

priori information besides a long-term radiosonde climatology. Löhnert et al. (2007) have 204

shown how the microwave profiler retrievals can be enhanced by including additional in-situ 205

measurements such as close-by radiosonde ascents. However this paper’s main goal is to 206

assess the accuracy of the temperature and humidity retrievals from microwave and infrared 207

observations using only the observations from the radiometers themselves.  To evaluate the 208

information content from the two instruments relative to each other, we utilize data from two 209

climatically different stations.210

The first station considered is Payerne, Switzerland, which represents a typical central211

European climate, located at 46.49 N and 6.97 E at 492 m above sea level. Here the a priori 212

profiles xa were calculated as seasonal means using 9446 radiosonde ascents over a time 213

period from 1992 to 2006. All radiosondes were subject to a sophisticated quality control 214

procedure (Noerenberg et al. 2008) to guarantee the use of only physically realistic ascents. 215

The second station considered is Darwin, Australia, which represents a humid tropical 216

climate, located at 12.42 N and 130.89 E at 30 m above sea level.  Here 2218 radiosonde 217

ascents over a time period from 1992 to 2005 passed the quality control procedure and thus 218

were used to determine the a priori profiles. The covariance matrices Sa were calculated four 219

times for each station (i.e., as a function of season), with the variances of T and ρv at each 220

vertical level on the diagonal and the covariances between the different levels in the off-221

diagonal components. Note that the covariances between T and ρv have also been considered.222

3.3. Se Matrix223

For this simulation study the error covariance matrix Se contained only non-zero elements on 224

the diagonal components and the off-diagonal components were set to zero, which assumes 225
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that the measurement uncertainties are wavelength independent. This matrix is used to 226

describe the expected measurement accuracy of the HATPRO and AERI instruments. For the 227

HATPRO simulations, the error numbers were set to the square values of the noise levels 228

listed in Tab. 1. These error estimates include both typical radiometric noise and calibration 229

drifts as well as random uncertainties in the absorption model. In the generation of the virtual 230

observations dataset, these values are randomly added to the forward model calculations to 231

create simulated measurements.232

The random noise in the AERI observations is determined from the imaginary component of 233

the calibrated radiance (Knuteson et al. 2004b), and thus any scene-dependence of the noise 234

level is automatically captured.  For this sensitivity study, we utilized the average noise level 235

of a normal-sampling AERI system in clear sky cases (Knuteson et al. 2004b). This translates 236

into 1-sigma uncertainties of bands A1 – A4 given in Tab. 1. The square of these values was 237

used along the diagonal of the Se matrix, and zeros were utilized on the off-diagonal. The 238

zeros on the off-diagonal components used in both the HATPRO and AERI Se matrices 239

imply that there is no correlation of error between the channels, an assumption frequently 240

made for simplicity and lack of knowledge.  241

4. Retrieval Evaluation242

For this analysis, HATPRO brightness temperatures and AERI radiances have been simulated 243

from the pressure, temperature and humidity profiles of a subset of “clear sky” (CS) 244

radiosonde ascents spanning all seasons; this amounted to 620 cases at Payerne an 643 cases 245

at Darwin. The CS classification was based on a threshold in relative humidity; radiosondes 246

were classified as CS if they did not show a relative humidity of more than 95% throughout 247

the profile. The difference in climatology of these two sites is shown in the distributions of 248

surface temperature and IWV (Fig. 2).  The Payerne site shows a much cooler and broader 249

(282.1 ± 7.5 K) distribution of surface temperature in comparison to the Darwin site (300.6 ± 250
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2.2 K) indicating fairly hot and constant low-level temperatures at the latter site. However, 251

Darwin shows a higher standard variation in IWV (12.5 kg m-2) with values peaking around 252

70 kg m-2 and a mean value of 40.2 kg m-2 in comparison to 14.9 ± 7.3 kg m-2 at the Payerne 253

site. These two significantly different sites were chosen for retrieval evaluation in order to test 254

the sensitivities of the MW and IR retrievals under a wide range of conditions. 255

In this section we apply the above described retrieval method to six different setups of the 256

measurement vector y. The first four setups encompass two microwave and two infrared 257

retrieval configurations (see Tab. 1). The microwave zenith-only (MZ) setup applies only 258

zenith-looking observations from all the HATPRO channels (Bands M1 and M2), whereas the 259

microwave zenith plus elevation retrieval (ME) additionally uses the 4 most optically thick 260

channels of Band M2 at five further elevation angles (42., 30., 10.2, 19.2, and 5.4 degrees 261

above the horizon). The standard AERI retrieval setup (AE) applies measurements between 262

538 and 588 cm-1 (Band A1)  and 1250 and 1350 cm-1 (Band A3) for water vapor profile 263

information and additionally one side of the 15 µm CO2 band from 674 to 713 cm-1 (Band 264

A3) for temperature profiling. The second AERI (AE4) retrieval setup uses the standard AERI 265

setup plus the channels from 2223 to 2260 cm-1 (Band A4).  The remaining two retrieval 266

configurations then constitute the physical combinations of MZ & AE (MZAE) and MZ & 267

AE4 (MZAE4) to allow joint retrievals to be evaluated. 268

4.1. Retrieval example269

As an example, the two spectra in Fig. 1, which represent typical dry and moist cases, were 270

used as input into the MW and IR retrieval algorithms (Fig. 3). In the moist summer case, 271

both the MZ and the AE retrieval show very similar results in matching the almost dry-272

adiabatic lapse rate in the lower troposphere. The spectral information content in both 273

microwave and infrared data is too low to resolve the lifted inversion around 4 km, as the 274

weighting functions for these ground-based sensors become quite broad in the middle-to-275
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upper troposphere. This is why we have restricted our analysis to heights below 5 km in the 276

following. The temperature retrieval for the drier winter case clearly shows that the AE 277

retrieval is able reproduce the strong lifted inversion more accurately than the MZ retrieval, 278

which shows clear “smoothing” effects. This also holds true for both summer and winter time 279

humidity profile retrievals. The AE retrieval shows potential to retrieve distinct features of the 280

humidity profiles, such as the fairly constant ρv values in the BL and the following abrupt 281

decrease with height in the winter case, as well as the humidity increase around 2 km in the 282

summer case.283

Additionally, the diagonal components of Sop have been evaluated for retrieval error 284

characterization (Fig. 4). As expected from Fig. 3, the AE retrieval for T and ρv has a smaller 285

retrieval error than MZ, both in the winter and summer cases. Note that for the winter case, 286

the ρv accuracy of AE is almost a factor four better than of MZ. For these two examples, the 287

differences in accuracy between MZ and AE are more pronounced for the wintertime case. In 288

order to test the sensitivity towards the instrument random noise assumption, the HATPRO 289

and AERI noise levels have been multiplied by 0.5 and 2 and the retrieval was then re-applied 290

(Fig. 4). For the shown cases, the changes in MZ retrieval accuracy (8-18 %) are much less 291

sensitive to the instrument random noise level than the changes in AE retrieval accuracy (40-292

100%). Especially in case of the MZ humidity retrievals, the instrument noise level has hardly 293

any influence on the retrieval accuracy above 1.2 km (winter) and 2.5 km (summer), 294

respectively. This suggests that the MW measurements add no significant amount of 295

information to retrieval accuracy above these heights. However, the retrieval will still perform 296

more accurately than the assumption of the seasonal priori profile due to the level correlation 297

contained in Sa. The much higher sensitivity of AE to the assumed instrumental noise reflects 298

the fact that there is generally more information contained in the AERI compared to the 299

HATPRO measurements. On the one hand, if the error noise assumptions for the AERI (Tab. 300

1) are too conservative and or are significantly reduced by principal component analysis 301
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(section 3.3), AE retrievals may be much more accurate than assumed. On the other hand, if 302

the AERI errors are larger than expected, MZ may even outperform AE – especially in high 303

humidity cases above the lower BL.304

4.2. Statistical retrieval evaluation305

In this section we apply the retrieval technique to the six different configurations of the 306

measurement vector y (Tab. 2). Figures 5 – 8 show the derived accuracies from the retrieval 307

simulations as a function of height above ground. Each of these figures only shows an 308

analysis of those cases where all of the shown methods converged simultaneously. Due to 309

this, the number of cases shown in each figure may vary, but is noted in each figure caption. 310

i) Payerne311

The performance of the different single instrument retrievals (Fig. 5) show similar 312

temperature RMSE accuracies in the lowest 500 m for ME, AE and AE4 ranging 313

from 0.2 to 0.5 K. These low error values are very suitable for lower BL profiling 314

and underlines that HATPRO in elevation scanning mode is able to perform 315

similarly to the AERI in this range. At higher altitudes the ME accuracies more 316

closely resemble those of MZ, which performs poorest throughout the lowest 5 317

km. MZ accuracies range from 0.5 K in the lower boundary layer to ~2 K at 5 km. 318

Both AE and AE4 accuracies, on the contrary, remain below 1 K up to 4 km 319

height. AE and AE4 accuracies are very similar showing that the use of the 320

shoulder of the CO2 absorption band between 675-713 cm-1 is sufficient for a 321

highly accurate temperature retrieval. Furthermore, this study has not accounted 322

for the possible solar scattering contribution to the 4 µm signal that may result 323

from an aerosol loaded sky, which would further impact the accuracy of the 324

retrieval in the AE4 configuration. The accuracies of the humidity retrieval in the 325

BL show significant differences between HATPRO and AERI. The AE accuracies 326
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are as low as 0.25 g m-3 in the lower BL, slowly increasing to 0.6 g m-3 at 2 km, 327

whereas the MZ retrieval shows constant values around 0.75 g m-3 in the same 328

height range. Thus, as also indicated in the example profiles in Fig. 3, the AERI 329

retrievals show the ability to resolve more vertical humidity structure than the 330

HATPRO retrievals. However both AERI and HATPRO retrievals are still 331

significantly more accurate than the mean seasonal climatology (which is indicated 332

by the a priori profiles as dotted lines). For both temperature and humidity 333

retrievals, bias errors are rather small compared to the RMSE. Of all humidity 334

retrievals, MZ and ME exhibit the largest bias errors in the range of -0.15 g m-3 in 335

the lower 2.5 km and +0.15 g m-3 in the upper 2.5 km, whereas the biases from AE336

and AE4 retrievals are insignificant. The bias of the a priori data is a result of 337

regarding only a sub-sample of the original data from which the mean seasonal 338

profiles were derived (i.e. the subset of cases that converged for all four retrieval 339

methods). Figure 5b nicely shows that this “seasonal bias” is corrected for by all 340

retrievals, however certain artefacts, such as the curvature between 3 and 4 km 341

(Fig. 5b) are maintained. This is a result of the statistical correlation between each 342

of the levels, which is prescribed in the Sa matrix.343

The combination of both MZ and AE (MZAE) or MZ and AE4 (MZAE4) into one 344

physical retrieval scheme shows no significant improvement in the retrieved 345

temperature and humidity profiles compared to the AE retrieval alone in the346

Payerne dataset (Fig. 6). The behavior of the combined retrievals – both from the 347

RMSE and bias error point of view – is very similar to that of AE. This clearly 348

demonstrates that no significant additional information is added from the 349

microwave profiler measurement to the spectral infrared measurements. This 350

conclusion, however, is only strictly valid for an atmosphere containing no clouds 351

and no significant amount of aerosol. 352
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In the current retrieval configuration, the computation of the Jacobian matrix Ki353

requires a perturbation of 43 temperature and humidity values at each iteration 354

step. Mainly due to the computing time for the forward calculations with the 355

fastaeri model, this requires a significant amount of time for an AE profile to 356

converge (order of 180 s on a standard Linux PC). Since future applications of this 357

retrieval technique will include the retrieval of clouds and aerosol (and thus the 358

inclusion of even more time consuming scattering calculations), it is of high desire 359

to significantly reduce this calculation time without losing too much accuracy. In 360

order to achieve this goal, Empirical Orthogonal Functions (EOF) have been 361

separately derived for the temperature and humidity profile. Analysis of the EOF 362

data reduction using the objective algorithm by Turner et al. (2006) showed that 363

both temperature and humidity profiles at Payerne can be sufficiently described by 364

10 to 15 EOFs. Retrieving temperature and humidity profiles in EOF space for AE 365

and subsequently transforming back into state space shows hardly any accuracy 366

losses in terms of temperature (Fig. 7a-b). An exception may be the height range 367

800 to 1200 m where frequent BL topping inversions occur. The RMSE accuracy 368

of humidity (Fig 7c) is also only slightly reduced in the lower 2 km – maximum 369

RMSE increases are on the order of 0.1 g m-3. Humidity bias error characteristics 370

are not affected (Fig 7d). The advantage of the EOF decomposition is that 371

computation time for a successful retrieval is reduced by a factor of 3-4.       372

ii) Darwin373

In the much warmer and moister tropical climate, retrieval behavior (Fig. 8) does 374

differ significantly to the central European climate (Fig. 5). RMSE values for all 375

temperature retrievals in the lowest 500 m are lower at the Darwin site due to the 376

less pronounced diurnal cycle in the tropics. Here, the lapse rate is frequently close 377
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to adiabatic, whereas typical night-time inversions and day time adiabatic lapse 378

rates in central Europe result in a higher temperature variability of the BL. 379

Specifically this increases the RMSE values of the MZ retrieval at the mid-latitude 380

site, because it has the least information content concerning temperature and thus 381

only limited ability in retrieving temperature inversions. Generally fewer 382

inversions occur in the tropical climate, which are more difficult to capture with 383

any retrieval algorithm. Above 1 km height, the addition of the microwave 384

observations or the 4 µm observations to the AE retrieval results in a slight 385

accuracy improvement of ~0.1 K. However, above 3 km, all RMSE curves slowly 386

evolve towards the a priori RMSE curve indicating no benefit to retrieval at these 387

heights.388

In case of the humidity RMSE values at the tropical site, AE is only superior to 389

MZ up to a height of ~ 1 km. Above this height, the large amounts of water vapor 390

in the tropics result in a more opaque atmosphere for the AERI measurements, so 391

that the vertical resolution at higher altitudes diminishes. However, the microwave 392

channels are still much more transparent. As a consequence the MZAE 393

combination shows the best RMSE results throughout the profile. Generally the 394

RMSE humidity accuracies are poorer for the Darwin site than for the Payerne 395

site, however the absolute values and also the variability are higher at Darwin. At 396

both sites the improvements with respect to the a priori climatology are then 397

similar, namely in the range between 0.5 and 0.8 g m-3 within the height range up 398

to 2 km. The a priori bias of both temperature and humidity for the chosen tropical 399

sub-sets are higher than in the central European case. In case of temperature, as for 400

the Payerne site, MZ shows the highest sensitivity to bias error, whereas the AERI 401

retrievals are less sensitive and can compensate for the a priori bias in the lowest 2 402

km. Above this level the bias error of all retrievals follow the curvature of the a 403
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priori bias, with an overall reduction of bias error. In case of the humidity 404

retrieval, the a priori bias of the data subset is too large to be entirely compensated 405

by any retrieval, although the retrievals including the AERI observations show less 406

a priori bias sensitivity in the lowest 1.5 km. This result clearly shows that an a 407

priori bias of this magnitude should be avoided. A possible solution to this 408

problem would be to scale the a priori profile of humidity with a realistic and 409

independent IWV value, e.g. obtainable from a close-by radiosonde measurement 410

or a GPS measurement.  411

The main results discussed above are presented in an overview in Tab. 2. Here the RMSE 412

have been averaged over the 0 – 5 km altitude range to show the benefits and drawbacks of 413

each evaluated retrieval setup. This table underlines the high value of AERI vs. HATPRO 414

observations in clear sky conditions for temperature and humidity profiling - especially in 415

moderately humid climates. 416

4.3. Degrees of freedom417

An objective way to analyze the information content of the different retrievals is to evaluate 418

the distribution of the number of degrees of freedom of the each single retrieval (Eq.  3), i.e. 419

the number of independent levels of temperature or humidity that can be determined. For 420

temperature, the distributions of degrees of freedom of MZ and AE do not overlap; neither for 421

the Payerne, nor for the Darwin site retrieval simulations (Figs. 9a and 9c). This clearly 422

demonstrates that AE provides more information on the temperature profile than MZ – on 423

average 5.6 as opposed to 2.4 independent layers. Fig. 9a also illustrates that the inclusion of 424

the elevation scanning mode in the HATPRO measurements can double the amount of 425

independently retrieved levels, but as seen from Fig. 5 this improvement is mostly limited to 426

the lowest 500 m. As expected, ME and MZ do not differ with respect to the humidity 427

retrievals since no additional information about the humidity profile has been added. For the 428
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Darwin site simulations, in comparison to Payerne, the average number of independent levels 429

is reduced for AE (from 6.3 to 4.2) and increased for MZ (from 1.6 to 2.7). As already 430

discussed in section 4.2, the increasing opacity at the Band M1 microwave channels leads to a 431

slightly improved height resolution, whereas the AERI measurements in Bands A1 and A3 are 432

becoming more opaque and thus resolve the height profile in a less accurate way in the moist 433

tropical environment.      434

5. Conclusions and Outlook435

We have presented simulation results from two independent ground-based remote sensing 436

instruments, a standard microwave profiler (HATPRO) and an infrared spectrometer (AERI), 437

for lower-tropospheric profiling of temperature and humidity in clear sky conditions. In order 438

to compare both methods objectively, all measurements have been simulated realistically and 439

consistently, and the same optimal estimation retrieval framework was applied to both using 440

the same a priori information. Generally the infrared retrievals “outperform” the microwave 441

retrievals concerning RMSE and bias error. The AERI retrievals show high potential, 442

especially for retrieving humidity in the BL, where accuracies are better than 0.5 g m-3 for a 443

central European climate. In the lowest 500 m the retrieval accuracies for temperature from 444

elevation scanning microwave measurements and spectral infrared measurements are very 445

similar and are on the order of  0.2 – 0.6 K.  Distinct differences occur between a tropical and 446

central European climate, where the inclusion of microwave measurements to the spectral 447

infrared measurements within a unified physical retrieval scheme results in a slight 448

improvement due to the higher opacity of the very moist atmosphere in the tropics.  449

The conclusions drawn above are only valid in ‘pristine’ clear sky situations.  Aerosols can 450

significantly enhance the observed downwelling infrared radiance signal, depending on the 451

aerosol size distribution, optical depth, and composition (e.g., Turner 2008). The simulations 452

presented above have not included aerosol, which will pose an issue when applying the 453
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retrieval schemes to real measurements. In order for a clear sky retrieval to be successful, an 454

objective classification scheme must be available to rule out the presence of clouds and 455

aerosol, or the radiance contribution from the aerosol and/or cloud layer must be incorporated 456

into the retrieval (either as a priori information or retrieved simultaneously). Note that even 457

very small amounts of column integrated liquid water content (~1 g m-2) can lead to non-458

negligible signals in an AERI measurement (Turner 2007). If, before the application of a 459

clear-sky retrieval, it cannot be ruled out that clouds or aerosols (especially hydroscopic 460

aerosols leading to cloud formation) are present, a microwave-only retrieval may turn out to 461

be more accurate, because passive microwave measurements are insensitive to aerosol and462

optically thin clouds.   463

In this sense, the present study is to be regarded as a starting point for the development 464

towards a joint thermodynamic and cloud / aerosol retrieval scheme including microwave and 465

infrared measurements. The simultaneous use of microwave and AERI observations to466

retrieve cloud properties only has already been demonstrated by Turner (2007) and Turner 467

and Eloranta (2008). We are currently setting up and testing a sophisticated retrieval scheme 468

for temperature, humidity, cloud phase discrimination, cloud optical depth and cloud effective 469

radius from simultaneous AERI and HATPRO measurements. In contrast to the results shown 470

here, we expect significant improvements in the retrieved atmospheric state by the 471

AERI/HATPRO combination due to the fact that clouds are semi-transparent in the 472

microwave region. In case of an optically thick cloud in the infrared, which occurs when the 473

liquid water path is above approximately 60 g m-2, the AERI measurements will yield 474

accurate information on temperature and humidity profiles below the cloud and the cloud base475

temperature, as well as, to a certain extent, cloud optical depth, whereas the microwave 476

measurements will give information on temperature and humidity throughout and above the 477

cloud, in addition to the total liquid water content. In the case of an optically thin cloud, the 478
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AERI will provide information on cloud effective radius and optical depth and the 479

atmospheric state profiles below the cloud, whereas again the microwave radiometer will 480

provide a reliable source on temperature and humidity profile throughout the troposphere.        481
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Figure Captions558

Fig. 1: Areas (grey-shaded) of the microwave (a) and infrared (b, c) spectra used for 559

temperature and humidity profiling in this study. The light grey and black lines depict the 560

spectra during a humid summer day at Payerne (IWV ~30 kg m-2) and during a typical 561

winter day with low amounts of water vapour (~8 kg m-2), respectively. The associated 562

atmospheric profiles are shown in Fig. 3.563

564

Fig. 2: Distributions of surface temperature (a) and IWV (b) for the Payerne (N=620 cases) 565

and Darwin (N=643 cases) sites during clear sky scenes.566

567

Fig. 3: Profiles of temperature (a) and humidity (b) for a summer and winter case at 568

Payerne. Shown are radiosonde measurements (grey), microwave zenith-only retrievals 569

(MZ, dotted) and AERI retrievals without the 4 µm channel (AE, solid). 570

571

Fig. 4: Temperature and humidity accuracies (diagonal values of Sop) for the wintertime and 572

summertime cases shown in Fig. 3 as a function of assumed instrumental random noise. 573

Dotted: noise as given in Tab. 1, solid: noise values multiplied by 0.5, dashed: noise values 574

multiplied by 2. Black lines indicate results from AE retrieval, grey lines from MZ retrieval.575

576

Fig. 5: Temperature (upper) and humidity (lower) root mean square (RMSE) (left) and bias 577

(right) errors for the retrievals applied to the Payerne data set. Microwave zenith-only 578

retrieval (MZ, solid), Microwave zenith + elevation angle retrieval (ME, dashed), AERI 579

retrievals without the 4 µm channels (AE, dot-dashed), AERI retrievals with the 4 µm 580

channels (AE4, dot-dot-dot-dashed). The error characteristics of the a priori profiles (mean 581

seasonal climatology) are also shown (dotted). Note that the a priori RMSE of temperature 582

is on the range of 4-5 K and thus not shown here. (N=304)583
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Fig. 6: Same as Fig. 5, only now that comparisons are carried for the Payerne station out for 584

MZ (solid), AE (dashed), combined microwave zenith and AERI retrievals without the 4 µm 585

channels (MZAE, dashed-dotted) and combined microwave zenith and AERI retrievals with 586

the 4 µm channels (MZAE4, dot-dot-dot-dashed). (N=272)587

588

Fig. 7: As Fig. 5, only now that comparisons are carried out for MZ (solid), AE (dashed), 589

and AERI retrievals derived with a EOF-decomposition for temperature and humidity using 590

10 separate Eigenvectors for each variable (AE_EOF, dashed-dotted) (N=276).591

592

Fig. 8: As Fig. 5, only now that comparisons are carried out for the Darwin radiosonde site; 593

MZ (solid), AE (dashed), AE4 (dot-dashed) and MZAE (dot-dot-dot-dashed) (N=459).594

595

Fig. 9: Histograms of the number of degrees of freedom for temperature (left) and humidity 596

(right) retrievals at the Payerne (upper) and Darwin (lower) sites. The different shading 597

indicates the MZ, (horizontal lines) retrieval, the ME (slant lines) retrieval and the AE (grey 598

shaded) retrieval.599
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Figures: 610

611

612

613

614

Fig. 1: Areas (grey-shaded) of the microwave (a) and infrared (b, c) spectra used for temperature and 

humidity profiling in this study. The light grey and black lines depict the spectra during a humid summer 

day at Payerne (IWV ~30 kg m-2) and during a typical winter day with low amounts of water vapour (~8 kg 

m-2), respectively. The associated atmospheric profiles are shown in Fig. 3.
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615

616

Fig. 2: Distributions of surface temperature (a) and IWV (b) for the Payerne (N=620 cases) and Darwin 

(N=643 cases) sites during clear sky scenes. 
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617

618

619

620

621

622

623

624

625

Fig. 3: Profiles of temperature (a) and humidity (b) for a summer and winter case at Payerne. Shown are 

radiosonde measurements (grey), microwave zenith-only retrievals (MZ, dotted) and AERI retrievals 

without the 4 µm channel (AE, solid). 
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626

627

628

Fig. 4: Temperature and humidity accuracies (diagonal values of Sop) for the wintertime and summertime 

cases shown in Fig. 3 as a function of assumed instrumental random noise. Dotted: noise as given in Tab. 1, 

solid: noise values multiplied by 0.5, dashed: noise values multiplied by 2. Black lines indicate results from 

AE retrieval, grey lines from MZ retrieval.
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Fig. 5: Temperature (upper) and humidity (lower) root mean square (RMSE) (left) and bias (right) errors 

for the retrievals applied to the Payerne data set. Microwave zenith-only retrieval (MZ, solid), Microwave 

zenith + elevation angle retrieval (ME, dashed), AERI retrievals without the 4 µm channels (AE, dot-

dashed), AERI retrievals with the 4 µm channels (AE4, dot-dot-dot-dashed). The error characteristics of the 

a priori profiles (mean seasonal climatology) are also shown (dotted). Note that the a priori RMSE of 

temperature is on the range of 4-5 K and thus not shown here (N=304).
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629

630

631

Fig. 6: Same as Fig. 5, only now that comparisons are carried for the Payerne station out for MZ (solid), AE 

(dashed), combined microwave zenith and AERI retrievals without the 4 µm channels (MZAE, dashed-

dotted) and combined microwave zenith and AERI retrievals with the 4 µm channels (MZAE4, dot-dot-dot-

dashed) (N=272). 
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632

633

634

Fig. 7: As Fig. 5, only now that comparisons are carried out for MZ (solid), AE (dashed), and AERI 

retrievals derived with a EOF-decomposition for temperature and humidity using 10 separate Eigenvectors 

for each variable (AE_EOF, dashed-dotted) (N=276).
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634

635

636

637

Fig. 8: As Fig. 5, only now that comparisons are carried out for the Darwin radiosonde site; MZ (solid), AE

(dashed), AE4 (dot-dashed) and MZAE (dot-dot-dot-dashed) (N=459).
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637

638

639

640

641

Fig. 9: Histograms of the number of degrees of freedom for temperature (left) and humidity (right) 

retrievals at the Payerne (upper) and Darwin (lower) sites. The different shading indicates the MZ, 

(horizontal lines) retrieval, the ME (slant lines) retrieval and the AE (grey shaded) retrieval. 
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Tab. 1: Description of microwave (M1, M2) and infrared (A1-A4) bands and the assumed 642

instrumental noise used for the different retrieval setups.643

Band M1
center 

frequency 
(GHz) / 

Noise (K)

Band M2
center 

frequency
(GHz) /    

Noise (K)

Band A1
range (cm-1)

Number of 
Channels

Noise   
(mW m-2 sr-1 cm)

Band A2
range (cm-1)

Number of 
Channels

Noise                  
(mW m-2 sr-1 cm)

Band A3
range (cm-1)

Number of 
Channels

Noise                  
(mW m-2 sr-1 cm)

Band A4
range (cm-1)

Number of 
Channels

Noise                  
(mW m-2 sr-1 cm)

22.24 / 0.4

23.04 / 0.4

23.84 / 0.4

25.44 / 0.4

26.24 / 0.4

27.84 / 0.4

31.40 / 0.4

51.26 / 0.5

52.28 / 0.5

53.86 / 0.5

54.94 / 0.2

56.66 / 0.2

57.30 / 0.2

58.00 / 0.2

538 – 588  

104  

1.8

675 – 713   

79

0.30

1250 – 1350

208

0.25

2223 – 2260

77

0.011

644

645

646

647

648

649

650

651

652

653

654
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Tab. 2: Description of different measurement configurations and their overall retrieval 655

performance averaged over 0 - 5 km.656

Name Measurements used Temp. retrieval 
accuracy [K] –  

Mean RMSE 0-5km 
(Payerne / Darwin)

Hum. retrieval 
accuracy [gm-3] –

Mean RMSE 0-5km 
(Payerne / Darwin)

MZ Bands M1, M2 1.22 / 0.86 0.66 / 1.23

ME Bands M1, M2,  
Elevation-scanning in 

Band M2

0.95 / 0.73 0.65 / 1.19

AE Bands A1, A2, A3 0.69 / 0.70 0.42 / 1.14

AE4 Bands A1, A2, A3, A4 0.64 / 0.65 0.41 / 1.05

MZAE Bands M1, M2, A1, 
A2, A3

0.67 / 0.66 0.41 / 0.98

MZAE4 Bands M1, M2, A1, 
A2, A3, A4

0.64 / - 0.38 / -

657
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