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The Diel Cycle of NH 3 Observed From the FY-4A Geostationary Interferometric Infrared Sounder (GIIRS)

We report the first observations of atmospheric NH 3 from the geostationary satellite FY-4A GIIRS over Asia • The potential of GIIRS to reveal the diurnal and nocturnal variations of NH 3 total columns is demonstrated over two sites • To better exploit geostationary data, improved temperature profiles and knowledge on the vertical NH 3 distribution is needed

Introduction

As the atmosphere's primary base and one of the main reactive nitrogen compounds, ammonia (NH 3 ) plays a key role in our atmosphere and the global nitrogen cycle [START_REF] Fowler | The global nitrogen cycle in the twenty-first century[END_REF]. Emitted in excess, NH 3 can lead to a dramatic loss of biodiversity and deterioration of water, soil and air quality [START_REF] Bauer | Significant atmospheric aerosol pollution caused by world food cultivation[END_REF][START_REF] Bobbink | Global assessment of nitrogen deposition effects on terrestrial plant diversity: A synthesis[END_REF][START_REF] Sutton | Our nutrient world: The challenge to produce more food and energy with less pollution[END_REF]. Unlike other primary gaseous pollutants, such as the acidifying NO x and SO 2 [START_REF] Aas | Global and regional trends of atmospheric sulfur[END_REF][START_REF] Georgoulias | Trends and trend reversal detection in 2 decades of tropospheric NO 2 satellite observations[END_REF], concentrations of NH 3 are steadily increasing in large parts of the world [START_REF] Sutton | Alkaline air: Changing perspectives on nitrogen and air pollution in an ammonia-rich world[END_REF][START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF]. NH 3 has stayed under the radar for long, partially as a result of the historic dearth of measurements. Fortunately, thanks to the availability of new and cheaper techniques, large measurement networks of ground-based stations are gradually put in place [START_REF] Nair | Quantification of atmospheric ammonia concentrations: A review of its measurement and modeling[END_REF][START_REF] Viatte | Ammonia and PM2.5 air pollution in Paris during the 2020 COVID lockdown[END_REF]. In addition, since over a decade, satellites equipped with high-resolution infrared spectrometers offer an unprecedented temporal and spatial sampling of the global NH 3 distributions, which has led to important progress in our understanding of its local to global emission and deposition fluxes and how these are evolving over time (e.g., [START_REF] Cao | Inverse modeling of NH 3 sources using CrIS remote sensing measurements[END_REF][START_REF] Kharol | Dry deposition of reactive nitrogen from satellite observations of ammonia and nitrogen dioxide over North America[END_REF][START_REF] Van Damme | Industrial and agricultural ammonia point sources exposed[END_REF][START_REF] Warner | Increased atmospheric ammonia over the world's major agricultural areas detected from space[END_REF]. There are currently several polar-orbiting satellites that provide global coverage up to twice a day at spatial resolutions above 10 km. These include IASI at 9.30 a.m./p.m. [START_REF] Whitburn | A flexible and robust neural network IASI-NH 3 retrieval algorithm[END_REF], AIRS [START_REF] Warner | The global tropospheric ammonia distribution as seen in the 13-year AIRS measurement record[END_REF] and CrIS at 1.30 a.m./p.m. [START_REF] Shephard | Ammonia measurements from space with the Cross-track Infrared Sounder: Characteristics and applications[END_REF], and TANSO-FTS [START_REF] Someya | Atmospheric ammonia retrieval from the TANSO-FTS/GOSAT thermal infrared sounder[END_REF] at 1.00 a.m./p.m.

Abstract Limiting excess atmospheric ammonia (NH 3 ) is one of the great challenges for humanity in the 21st century but can only be achieved with adequate monitoring means in place. Here, we report the first NH 3 measurements from the Geostationary Interferometric Infrared Sounder (GIIRS) onboard the Chinese FY-4A satellite. The instrument scans almost all of Asia 10 times per day. We show that GIIRS′ unprecedented temporal sampling can be exploited to measure diurnal and nocturnal variations of NH 3 and demonstrate this on two case studies over Punjab and the North China Plain. Day-night variations are found to be almost absent in winter, but can reach a factor 2-3 in the warmer months. These case studies are very promising given the future landscape of geostationary sounders, but also show that improved knowledge on lower tropospheric air temperatures and the vertical profile of NH 3 is key to better exploit their measurements.

Plain Language Summary

To reduce the worldwide concentrations of ammonia (NH 3 ) in the air is one of the great challenges for humanity in the 21st century, but this can only be achieved with stringent policies in place, and with the support of accurate and frequent measurements. In this paper, we report the first ammonia measurements from the Geostationary Interferometric Infrared Sounder (GIIRS) onboard the Chinese FY-4A satellite. The satellite is positioned above Indonesia and measures almost all of Asia 10 times per day. We show that GIIRS' measurements can be used to measure ammonia both during day and night. We look into more detail at two locations, over Punjab (Pakistan) and the North China Plain. Day-night variations are found to be almost absent in the colder months, but can reach a factor 2-3 in the warmer months. These case studies are very promising given the future landscape of geostationary sounders, but demonstrate also that improved knowledge on the air temperature at the surface and the behavior of ammonia at higher altitudes will result in more accurate ammonia measurements.

The diel (day and night) cycle of NH 3 can provide valuable information on its sources, surface exchanges, deposition, gas-particle partitioning and transport, and how each of these are affected by meteorological conditions [START_REF] Kuang | Explosive morning growth phenomena of NH 3 on the North China Plain: Causes and potential impacts on aerosol formation[END_REF][START_REF] Schulte | Unraveling the diurnal atmospheric ammonia budget of a prototypical convective boundary layer[END_REF]. Its understanding is also critically needed to improve atmospheric models [START_REF] Cao | Inverse modeling of NH 3 sources using CrIS remote sensing measurements[END_REF][START_REF] Lonsdale | Modeling the diurnal variability of agricultural ammonia in Bakersfield, California, during the CalNex campaign[END_REF][START_REF] Zhu | Global evaluation of ammonia bidirectional exchange and livestock diurnal variation schemes[END_REF]. When talking about daily variations, it is important to differentiate between emissions, surface concentrations and total columns. (i) Emissions of NH 3 typically exhibit a maximum during the day, due to increased temperature-driven volatilization [START_REF] Sutton | Toward a climate-dependent paradigm of ammonia emission and deposition[END_REF] and the presence of diurnal sources [START_REF] Chang | The importance of vehicle emissions as a source of atmospheric ammonia in the megacity of Shanghai[END_REF]. (ii) By contrast, there are large variations in the time when the minimum and maximum surface concentrations are reached (see [START_REF] Tevlin | Tall tower vertical profiles and diurnal trends of ammonia in the Colorado Front Range[END_REF] for an overview). A key element that drives their cycle is the vertical mixing that occurs within the planetary boundary layer (PBL) which determines to what extent NH 3 remains trapped at the surface or undergoes transport to higher altitudes (e.g., [START_REF] Saylor | Continuous gaseous and total ammonia measurements from the southeastern aerosol research and characterization (SEARCH) study[END_REF][START_REF] Walker | Measurement of bi-directional ammonia fluxes over soybean using the modified bowen-ratio technique[END_REF]. (iii) Some diurnal measurements of NH 3 total columns are available [START_REF] Dammers | Measuring atmospheric ammonia with remote sensing campaign: Part 1 -Characterisation of vertical ammonia concentration profile in the centre of the Netherlands[END_REF][START_REF] Kutzner | Diurnal evolution of total column and surface atmospheric ammonia in the megacity of Paris, France, during an intense springtime pollution episode[END_REF]W. Wang et al., 2020) from ground-based spectroscopy. These show that the daily evolution of the column can also significantly differ (and even anti-correlate) from the variations at the surface. No measurements of NH 3 total column variations during nighttime have been reported. Furthermore, until now, it is almost uniquely daytime satellite measurements that have been exploited, as nighttime measurements typically come with larger retrieval uncertainties [START_REF] Van Damme | Global distributions, time series and error characterization of atmospheric ammonia (NH 3 ) from IASI satellite observations[END_REF].

The geostationary meteorological satellite FengYun-4 was brought into orbit on 11 December 2016 around the Earth at an altitude of 35,786 km above the equator at 104.7° E. On board it carries several instruments including the Geostationary Interferometric Infrared Sounder (GIIRS) [START_REF] Hua | Review of Geostationary Interferometric Infrared Sounder[END_REF][START_REF] Shang | Instrument observation strategy for a new generation of three-axis-stabilized geostationary meteorological satellites from China[END_REF][START_REF] Yang | Introducing the new generation of Chinese geostationary weather satellites, Fengyun-4[END_REF]. Its coverage includes almost all of Asia, which is scanned 10 times per day (starting at 0, 2, 4, 6, 8, 10, 12, 14, 20, and 22 h UTC) (Q. [START_REF] Zhang | Cloud detection from FY-4A's Geostationary Interferometric Infrared Sounder using machine learning approaches[END_REF]. GIIRS measures the Earth's infrared radiation in two bands at 700-1130 cm -1 and 1650-2250 cm -1 at a sampling rate of 0.625 cm -1 . The noise varies between 0.25 and 0.35 K at 280 K between 900 and 1000 cm -1 . The spatial resolution is 16 km. GIIRS is the first interferometer on board a geostationary satellite and its main goal is the provision of temperature and humidity profiles for improved weather forecasts [START_REF] Cai | Temperature and humidity profile retrieval from FY4-GIIRS hyperspectral data using artificial neural networks[END_REF][START_REF] Smith | Improved severe weather forecasts using LEO and GEO satellite soundings[END_REF]. However, with a spectral resolution and range similar to that of CrIS, GIIRS is in principle capable of measuring trace gases as well, and with its 10 overpasses per day could have the potential of capturing the full diel cycle of NH 3 total columns.

In this paper, we report the first NH 3 observations from GIIRS (Section 2) and subsequently introduce a dataset of GIIRS-derived NH 3 columns (Section 3). In Section 4, we provide monthly climatologies of the daily variations of GIIRS-derived columns, in particular focusing on two distinct locations with year-round high NH 3 columns. We use these case studies also to illustrate dependencies on auxiliary data and sensitivity to retrieval assumptions. We conclude with an outlook (Section 5).

Absorption and Emission

Two example spectra observed over the North China Plain (NCP) are shown in Figure 1. The top panel presents a spectrum (blue) that was measured by GIIRS in an afternoon overpass on a summer's day. This spectrum was fitted with an inverse model (red), to enable visualizing the NH 3 spectral contribution (orange and black), similarly as in [START_REF] Clarisse | Satellite monitoring of ammonia: A case study of the San Joaquin Valley[END_REF]. The two largest absorption features of NH 3 in the longwave infrared, around 930 and 965 cm -1 show up with a contribution between 2 and 4 K, in addition to several other smaller enhancements, which altogether amply demonstrate the capability of GIIRS to measure NH 3 . This fit also illustrates the fact that no large spectral miscalibrations exist in the L1 data (this is not the case for spectra recorded prior to November 2019, which have a noticeable wavenumber shift; see also [START_REF] Smith | Improved severe weather forecasts using LEO and GEO satellite soundings[END_REF]). A large NH 3 column combined with a large thermal contrast (TC), as is the case here, represent ideal conditions for retrieving NH 3 columns from satellite measurements.

We briefly recall the concept of TC as it is important for what follows and refer to [START_REF] Clarisse | Satellite monitoring of ammonia: A case study of the San Joaquin Valley[END_REF] and [START_REF] Bauduin | IASI's sensitivity to near-surface carbon monoxide (CO): Theoretical analyses and retrievals on test cases[END_REF] for in-depth discussions. TC is the temperature difference between the surface and the lowermost atmospheric layer, where most NH 3 is located. As a consequence of the fact that Earth's surface heats up and cools down more quickly than the atmosphere, it typically becomes positive after sunrise and negative in the evening and at night. For a given NH 3 column, large TCs result in larger spectral signatures, and thus smaller retrieval uncertainties. On the other hand, when the TC is negative, NH 3 can be observed in emission instead of absorption. This case is illustrated in the bottom panel of Figure 1, which shows a spectrum observed in the early morning in winter. As the air (and thus the NH 3 gas) is in this case warmer than the surface, the NH 3 layer emits more radiation than it absorbs, providing favorable conditions for its measurement. TC thus determines the sign and the dynamic range over which the NH 3 spectral signature can vary, and therefore the retrieval uncertainty.

Retrieval

For this study, we have adapted the fast NH 3 retrieval approach originally developed for IASI, which has been detailed in a series of papers [START_REF] Franco | A general framework for global retrievals of trace gases from IASI: Application to methanol, formic acid, and PAN[END_REF][START_REF] Van Damme | Version 2 of the IASI NH 3 neural network retrieval algorithm: Near-real-time and reanalysed datasets[END_REF], 2021;[START_REF] Whitburn | A flexible and robust neural network IASI-NH 3 retrieval algorithm[END_REF]. Apart from instrument-specific aspects (such as the spectral range), the retrieval procedure is identical to version 3 of the IASI retrieval outlined in the last two papers.

At the heart of the retrieval is the hyperspectral radiance index (HRI), which quantifies the NH 3 spectral signature. This index is normalized to have a mean of zero and a standard deviation of one in the absence of observable NH 3 , and its sign can be both positive or negative depending on whether NH 3 is observed in absorption or emission. The HRI depends on the NH 3 abundance, but also on the temperature profile and other parameters (like viewing angle). The algorithm converts HRIs to columns with a neural network that takes into account all these dependencies. The neural network was trained with a large library of synthetic spectra that were simulated with random, but representative NH 3 columns and auxiliary variables. The state of the atmosphere at the overpass time and place of GIIRS were obtained from the ERA5 reanalysis [START_REF] Hersbach | The ERA5 global reanalysis[END_REF]. An important aspect of any NH 3 retrieval is the assumption that is made on the shape of the NH 3 vertical profile. NH 3 is emitted mainly at the surface and has an atmospheric lifetime of a couple of hours [START_REF] Van Damme | Industrial and agricultural ammonia point sources exposed[END_REF]; it is therefore largely confined to the PBL. To model the resulting vertical profile, the retrieval assumes a Gaussian function with a maximum at the surface and a spread σ equal to the ERA5 modeled PBL height. This profile is assumed over all land surfaces; over ocean a profile that peaks at 1.4 km is assumed. Fortunately, small uncertainties in the assumed profile generally do not majorly affect the retrieved column. In daytime conditions for instance, the difference in the retrieved column assuming a perfectly mixed PBL of 1 km compared to one of 0.1 or 2 km is about 25% [START_REF] Whitburn | A flexible and robust neural network IASI-NH 3 retrieval algorithm[END_REF]. CLARISSE ET AL. A postfilter was applied which removes cloudy observations and those measurements with limited sensitivity to NH 3 due to low TC. These were selected based on having a conversion factor between the HRI and the column in excess of 10 ⋅ 10 15 molec.cm -2 . In addition, as in previous work on IASI, a retrieval uncertainty was estimated for each individual pixel, by propagation of the uncertainty of the individual input parameters. The uncertainty on σ was set to 25%. For the detection of clouds, a dedicated neural network was trained here from collocated IASI-GIIRS observations and the IASI L2 cloud product. This network, which takes as input a handful of GIIRS channels, was set up to select scenes without clouds.

The retrieval has been performed on a complete year of GIIRS observations, from November 2019 to October 2020, and the resulting dataset is with this publication made available. The average of all observations measured in this period is shown in Figure 2 and qualitatively exhibits a good agreement with the IASI distributions [START_REF] Van Damme | Industrial and agricultural ammonia point sources exposed[END_REF]. Note that the edges of the seven latitudinal bands in which GIIRS scans the entire area can be discerned in the NH 3 distribution, hinting toward a residual artifact in the L1 data. The resulting biases are however very small in comparison to the actual variability of the columns.

We intercompared GIIRS-derived columns with v3 of the IASI NH 3 dataset [START_REF] Van Damme | Global, regional and national trends of atmospheric ammonia derived from a decadal (2008-2018) satellite record[END_REF], collocated within 2 km and 15 min, and as a whole found a regression slope of 1.14, negligible bias and a correlation coefficient of R 2 = 0.67 (see Supporting information S1). Possible reasons for the non-unit slope include instrument calibration, the HRI calculation, treatment of the surface temperature, systematic biases in the neural networks and the different viewing geometries.

CLARISSE ET AL. 

Diel Cycle

Figure 3 shows the diel cycle observed from GIIRS during January, April, and July, representative for the distributions respectively seen in October-February, March-May, and June-September. A clear seasonal cycle is visible, with a maximum in April-July, consistent with IASI observations [START_REF] Van Damme | Worldwide spatiotemporal atmospheric ammonia (NH 3 ) columns variability revealed by satellite[END_REF].

We also observe a more pronounced diel cycle in April/July than in January. Due to the postfilter, the coverage of the NH 3 measurements varies greatly as a function of the time of the day, time of the year and the location. Clouds are unfortunately year-round prevalent in south(east) China and Southeastern Asia. The situation is especially unfavorable in the monsoon season (June-September). In addition, a lot of observations at night, early morning and evening are removed by the sensitivity test.

In what follows we look more into detail into two 1° by 1° areas located in Punjab (Pakistan) and the NCP. These are agricultural intensive regions, with intensively irrigated crops and a high density of livestock (Perrone, 2020; [START_REF] Robinson | Mapping the global distribution of livestock[END_REF][START_REF] Zhan | Improved estimates of ammonia emissions from global croplands[END_REF], where some of the largest NH 3 columns in the world are measured [START_REF] Kuttippurath | Record high levels of atmospheric ammonia over India: Spatial and temporal analyses[END_REF][START_REF] Meng | Role of ambient ammonia in particulate ammonium formation at a rural site in the North China Plain[END_REF][START_REF] Wang | Why is the Indo-Gangetic Plain the region with the largest NH 3 column in the globe during pre-monsoon and monsoon seasons?[END_REF][START_REF] Zhang | Agricultural ammonia emissions inventory and spatial distribution in the North China Plain[END_REF]. Figure 4 shows their monthly averaged diel cycles of the NH 3 column, ERA5 PBL height, HRI, and TC. The TC was calculated as the difference between the temperature measured from GIIRS spectra around 970 cm -1 and the temperature corresponding to middle of the PBL. This avoids relying on a dedicated surface temperature retrieval but underestimates its actual value by up to 1-2 K in the dry seasons, and up to 4 K in the wet seasons, because of the water vapor continuum absorption. When fewer than 30 observations are available for a given overpass time, the NH 3 column was obtained by interpolation from the other points of the time series (indicated with hollow squares). This helps to remove potential outliers in the time series. The median uncertainty over all averaged pixels for a given overpass time is shown as a shaded area around the mean value. While this uncertainty includes a random component, it also includes potential sources of bias, related to for example, the vertical profile of NH 3 or the ERA5 temperature profile. For that reason we recommend to exercise care when interpreting the data.

January

For both sites, the diel cycle is weak in January, consistent with the absence of pronounced diurnal or nocturnal sources at these rural sites in the winter. A slight increase of the columns is observed during nighttime. Such increases have been reported for surface measurements, which are easily explained by the lower nocturnal mixing height, trapping emissions near the surface [START_REF] Saraswati | Five-year measurements of ambient ammonia and its relationships with other trace gases at an urban site of Delhi, India[END_REF][START_REF] Tevlin | Tall tower vertical profiles and diurnal trends of ammonia in the Colorado Front Range[END_REF]Q. Wang et al., 2019). However, as we consider the entire column, the small decreases seen during daytime are more likely due to small biases in the assumed vertical NH 3 profile, the PBL height or the vertical temperature profiles. In January, the diel cycle is captured almost completely, thanks to favorable measurement conditions both during night and day. Ranging between -6 and 7 K, the TCs are sufficiently large to provide sensitivity to the PBL at all times of the day except around dawn and dusk. This is when the HRI and TC cross the zero mark and the time of the day when all sensitivity to PBL NH 3 is lost, irrespective of the magnitude of the column.

April

With increasing temperatures, and with the growing season well underway, much larger NH 3 columns are observed during April. Columns over Punjab are double those over the NCP, even though emissions are estimated to be lower. This apparent contradiction was attributed to the higher concentrations of the neutralizing NO x and SO 2 compounds over the NCP, leading to a shorter atmospheric lifetime of NH 3 [START_REF] Liu | Rapid SO 2 emission reductions significantly increase tropospheric ammonia concentrations over the North China Plain[END_REF][START_REF] Wang | Why is the Indo-Gangetic Plain the region with the largest NH 3 column in the globe during pre-monsoon and monsoon seasons?[END_REF]. Just as in January, the HRI and TC undergo a synchronous cycle in April, alternating between negative and positive values, and providing favorable measurement conditions at all times of the day except during twilight. The outlying NH 3 column (much below the average) in April near 18:00 in the NCP results likely from a retrieval artifact. As can be seen, the HRI in this case is very close to zero. Assuming no abrupt changes in the NH 3 column, this either points to very low measurement sensitivity or to a situation where emission and absorption cancel each other out in different parts of the atmosphere. In either case, this renders the retrieval from a theoretical standpoint ill-defined. In the majority of cases the postfilter takes care of removing such measurements. However, the thermal conditions as provided within ERA5, coupled with the assumed NH 3 vertical profile, are apparently such that a number of these measurements slipped through the net of the postfilter.

A much larger diel cycle is observed in April as compared to January, especially in Punjab with a column more than three times larger during day than at night. Similarly high ratios, with daytime maximums, have been observed in the diel variations of total columns over Paris [START_REF] Kutzner | Diurnal evolution of total column and surface atmospheric ammonia in the megacity of Paris, France, during an intense springtime pollution episode[END_REF] and in a rural area in the Netherlands [START_REF] Dammers | Measuring atmospheric ammonia with remote sensing campaign: Part 1 -Characterisation of vertical ammonia concentration profile in the centre of the Netherlands[END_REF]. There are a number of factors which explain such large day-night variations. (i) During day, agricultural practices and animal activity [START_REF] Aarnink | Effect of slatted floor area on ammonia emission and on the excretory and lying behaviour of growing pigs[END_REF] et al., 2020). Emissions exhibit in particular an up to exponential increase with temperature [START_REF] Ernst | The effects of several factors on volatilization of ammonia formed from urea in the soil[END_REF][START_REF] Schjoerring | Physiological parameters controlling plant-atmosphere ammonia exchange[END_REF][START_REF] Sutton | Toward a climate-dependent paradigm of ammonia emission and deposition[END_REF][START_REF] Tevlin | Atmospheric ammonia: Measurements, modeling, and chemistry-Climate interactions[END_REF]L. Zhang et al., 2010), making it an important driver both for the seasonal and the diel emission cycle. While day-night temperature differences (between 15 and 22 K) are not much larger in April than in January, surface temperatures are some 10-15 K larger in April, and via the exponential dependence have a much larger relative effect [START_REF] Hempel | Non-linear temperature dependency of ammonia and methane emissions from a naturally ventilated dairy barn[END_REF]. In addition, during daytime, relative humidity is on average lower and wind speed on average higher than at night, two factors which again favor daytime emissions [START_REF] Meng | Role of ambient ammonia in particulate ammonium formation at a rural site in the North China Plain[END_REF][START_REF] Olesen | Modelling effects of wind speed and surface cover on ammonia volatilization from stored pig slurry. Atmospheric Environment Part A[END_REF][START_REF] Tevlin | Tall tower vertical profiles and diurnal trends of ammonia in the Colorado Front Range[END_REF][START_REF] Wentworth | The role of dew as a night-time reservoir and morning source for atmospheric ammonia[END_REF]. (iii) At night, temperatures are lower, humidity levels higher, thereby favoring the conversion of NH 3 gas to particulate. The reverse process may contribute to daytime enhancements [START_REF] Kutzner | Diurnal evolution of total column and surface atmospheric ammonia in the megacity of Paris, France, during an intense springtime pollution episode[END_REF][START_REF] Meng | Role of ambient ammonia in particulate ammonium formation at a rural site in the North China Plain[END_REF][START_REF] Saylor | Continuous gaseous and total ammonia measurements from the southeastern aerosol research and characterization (SEARCH) study[END_REF][START_REF] Tevlin | Tall tower vertical profiles and diurnal trends of ammonia in the Colorado Front Range[END_REF].

(iv) Finally, nocturnal columns could be underestimated in the retrieval as a result of the vertical profile assumption. The observed negative HRIs are compatible with the sign of the TC, demonstrating that most of the NH 3 column is indeed located near the surface as assumed by the retrieval. However, it cannot be excluded (see below) that compared to the assumed profile, a relative larger portion of the NH 3 column is situated higher up. In this case, the higher and colder parts of the column absorb radiation and therefore cancel out some of the spectral emission at night.

The variations in the diel cycles found here are larger than those typically found for surface concentrations.

While NH 3 concentrations are expected to increase during daytime due to increased emissions and also evaporation of ammonium-containing aerosols, the larger boundary layer prevents a large buildup of NH 3 near the surface. For example, in a rural site in the NCP, surface concentrations vary only between 25 and 40 ppb in April, with the maximum reached in the morning due to the evaporation of dew and guttation droplets [START_REF] Kuang | Explosive morning growth phenomena of NH 3 on the North China Plain: Causes and potential impacts on aerosol formation[END_REF][START_REF] Wentworth | The role of dew as a night-time reservoir and morning source for atmospheric ammonia[END_REF]. For other sites in Asia, even smaller differences are reported [START_REF] Datta | Ammonia emission from subtropical crop land area in India[END_REF][START_REF] Saraswati | Five-year measurements of ambient ammonia and its relationships with other trace gases at an urban site of Delhi, India[END_REF][START_REF] Saylor | Continuous gaseous and total ammonia measurements from the southeastern aerosol research and characterization (SEARCH) study[END_REF][START_REF] Wang | Atmospheric ammonia and its impacts on regional air quality over the megacity of Shanghai, China[END_REF]. In addition, surface concentrations reported in the winter are often only just below those in April (e.g., [START_REF] Kuang | Explosive morning growth phenomena of NH 3 on the North China Plain: Causes and potential impacts on aerosol formation[END_REF][START_REF] Wang | Atmospheric ammonia and its impacts on regional air quality over the megacity of Shanghai, China[END_REF]. At night, mixing layers in the two months are also of comparable magnitude, and assuming that most NH 3 is located in the PBL, this implies that columns should be of similar magnitude too at night, what is consistent with what is observed here.

July

July is the month when some of the highest columns are measured for both sites, but unfortunately only 4 or 5 of the 10 overpasses have enough measurements for obtaining meaningful averages, so that little can be said on the diel cycle. In what follows we explore the reasons for the poor measurement conditions.

The first thing to note is that the temperatures of both the surface and the air (not shown) vary little (between 7 and 10 K) throughout the day and night, much smaller than in the January/April months. Smaller day-night variations entail a smaller dynamic range of the TC, as observed clearly in Figure 4, and inherently worsen the conditions for NH 3 detection by GIIRS.

For Punjab, TCs are mostly negative, only just reaching positive numbers around noon. At night, a TC is observed around -6 K. Allowing for the underestimation of the TC by an average of 4 K in this humid month, this puts the actual TC close to zero. This explains why the corresponding measurements are removed by the retrieval postfilter. However, we observe a mean HRI of about five during the night, which suggests a positive TC. A likely explanation is that the NH 3 vertical profile for this site, at this time of the year, is significantly different from the assumed profile at night. Recall that the retrieval assumes that the majority (about 68%) of the NH 3 column is located within the PBL, as supported by several studies [START_REF] Dammers | Measuring atmospheric ammonia with remote sensing campaign: Part 1 -Characterisation of vertical ammonia concentration profile in the centre of the Netherlands[END_REF][START_REF] Guo | Validation of IASI satellite ammonia observations at the pixel scale using in-situ vertical profiles[END_REF][START_REF] Sun | Validation of TES ammonia observations at the single pixel scale in the San Joaquin Valley during DISCOVER-AQ[END_REF][START_REF] Tevlin | Tall tower vertical profiles and diurnal trends of ammonia in the Colorado Front Range[END_REF]. However, in the evening just after the collapse of the PBL, NH 3 is likely to remain present in the residual layer for several hours (see also [START_REF] Kuang | Explosive morning growth phenomena of NH 3 on the North China Plain: Causes and potential impacts on aerosol formation[END_REF][START_REF] Lonsdale | Modeling the diurnal variability of agricultural ammonia in Bakersfield, California, during the CalNex campaign[END_REF]. Given the relative longer lifetime of NH 3 in the Indo-Gangetic Plain, and the abundance of NH 3 in the daytime summer column, this could explain the positive HRIs observed for Punjab during the night. The measurements with a positive HRI that were removed by the postfilter could in principle be exploited by using a more appropriate vertical profile in the retrieval. Also note that during daytime, elevated free-tropospheric NH 3 layers can occur, as illustrated in a recent aircraft campaign over Baoding (NCP) [START_REF] Pu | Aircraft measurements reveal vertical distribution of atmospheric ammonia over the North China Plain in early autumn[END_REF].

Geophysical Research Letters

The diel cycle over the NCP follows a similar pattern as for Punjab in July, but here the absence of sensitivity during the night is obvious with HRI values very close to zero.

Outlook

GIIRS is the first geostationary hyperspectral infrared sounder in orbit. As we have shown in this letter, its 10 overpasses provide an unprecedented opportunity to study atmospheric NH 3 and its evolution throughout the day. The availability of so many overpasses per day could also greatly benefit NH 3 modeling and model assimilation [START_REF] Chen | High-resolution hybrid inversion of IASI ammonia columns to constrain US ammonia emissions using the CMAQ adjoint model[END_REF]Z. Wang et al., 2020). Finally, compared to polar orbits, GIIRS has the advantage of revisiting the same footprint every day, which will be most useful for tracking seasonal variations over particular locations, and for validation and intercomparison.

While the presented NH 3 dataset was prepared with great care, improvements are certainly possible. An important improvement could come from the use of temperature profiles directly retrieved from the GIIRS radiances, rather than ERA5 profiles. In addition, a better parametrization of the NH 3 vertical profile as a function of time and place would be highly desirable. This could be achieved by coupling the retrieval with the output of a state of the art tropospheric chemistry model. It is our hope that the presented results will stimulate further research in these directions.

The future landscape of geostationary sounders is looking bright. With a lifetime of 5-7 years, FY-4A is nearing its end, but fortunately, its successor FY-4B is to be launched this year. In addition, Europe is soon to be served with its own geostationary infrared sounder (IRS) onboard the Meteosat Third Generation (MTG) satellite (https://www.eumetsat.int/meteosat-third-generation). IRS is similar to GIIRS but will offer more frequent overpasses and a smaller footprint on ground. Given the results obtained with GIIRS, the arrival of IRS is extremely promising and will no doubt provide fantastic monitoring means of NH 3 over Africa and Europe. 
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 1 Figure1. GIIRS spectra (blue) observed over the North China Plain in summer (top) and winter (bottom). The red spectra were calculated with a forward model and were adjusted to best match the observed spectra. The difference between observed and fitted is shown in green. When the NH 3 -contribution (black) is removed from the simulations, the orange residuals are obtained.
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 2 Figure 2. November 2019 to October 2020 average of GIIRS-derived NH 3 columns on a 0.5° × 0.5° grid. Due to the cloud or sensitivity filter (see text), certain periods of the day or year might locally be under/overrepresented in this average. The red stars indicate the locations of the two sites analyzed in Section 4 and Figure 4 (30° N, 73° E for Pakistan and 38° N, 115.5° E for China).

Figure 3 .

 3 Figure 3. Monthly NH 3 averages for each of the 10 GIIRS overpass times for the months of January, April, and July.
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 4 Figure 4. Diurnal cycle of NH 3 (blue) over 1° by 1° areas in Punjab, Pakistan (left) and the North China Plain (right). Data represented with open squares were obtained through interpolation (see text). Shown are also the ERA5 PBL height (black), the TC (dark red), and the HRI (green). The shaded area represent the median uncertainty for a given overpass time. The time axis is in local time (calculated from the longitude) and includes the time sunrise and sunset on the 15th of each month.
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